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ABSTRACT 
The production of bioethanol operating at high substrate loading improves the overall process 
productivity and reduces initial capital investment and water consumption comparing to processing 
at normal gravity. However, there are some inhibition issues that become more severe under these 
operation conditions. This thesis focused on the development of efficient 1
st
 and 2
nd
 generation 
bioethanol production processes running at high substrate concentration. Driven by the promising 
results obtained in 1
st
 generation Very High Gravity (VHG) processes, an approach to the 2
nd
 
generation processes was then implemented aiming a better understanding of the physiological 
responses of yeast under stressful conditions.  
Aiming the fulfilment of Saccharomyces cereviae nutritional requirements for maximal ethanol 
production, a factorial design approach was successfully employed to optimize a high-level glucose 
medium (330 g/L) based in Corn step liquor (CSL) and other low-cost nutrients. Using the 
optimized medium (g/L: CSL 44.3, urea 2.3, MgSO4·7H2O 3.8 and CuSO4·5H2O 0.03), PE-2 and 
CA1185 isolates exhibited the best overall fermentation performance, among the eleven laboratory 
and industrial background strains tested. PE-2 and CA1185 isolates produced high ethanol titres 
(up to 19 %, v/v) with high ethanol batch productivity (> 2.3 g/Lh). These outstanding ethanol 
titres obtained by industrial strains were accompanied by an increased content of sterols (2 to 5-
fold), glycogen (2 to 4-fold) and trehalose (1.1-fold), relatively to CEN.PK 113-7D laboratory 
strain, which demonstrate their robustness to cope with VHG stresses. 
Driven by the detailed physiological information of these industrial isolates, a VHG repeated-batch 
fermentation system, using the PE-2 strain, was successfully operated during fifteen consecutive 
cycles, attaining an average ethanol titre of 17.1% (v/v) and batch productivity of 3.51 g/Lh.  
To further understand how the inhibitory conditions influence the physiology and metabolism of 
the producing cells at the genetic level, an approach for identifying key genes common to relevant 
stresses in bioethanol fermentations and validating the identified genes under industrial relevant 
fermentation conditions, was conducted. Primarily, the intersection of chemogenomic data previous 
obtained in single stress phenotypic analysis allowed the identification of eight genes 
simultaneously involved in yeast tolerance to VHG-related stresses. Comparative VHG 
fermentation tests, showed that five of them are required for maximal fermentation performance: 
genes BUD31 and HPR1 were found to lead to the increase of both ethanol yield and fermentation 
rate, while PHO85, VRP1 and YGL024w genes were required for maximal ethanol production. 
Aiming a complementary approach to identify key genes and confirm their role in inhibitor 
tolerance, a genome-wide survey of S. cerevisiae genes implicated in resistance to an industrial 
Wheat Straw Hydrolysate (WSH) was conducted. The results highlight the genes associated to 
vitamin metabolism, mitochondrial and peroxisomal functions, ribosome biogenesis and 
microtubule biogenesis and dynamics among the newly found determinants of WSH resistance. 
Moreover, comparing the results of WSH fermentations, with the genes identified in WSH 
genome-wide survey, PRS3, VMA8, ERG2, RAV1 and RPB4 were highlighted as key genes on 
yeast tolerance and fermentation of industrial WSH. 
Robust industrial isolates were further evaluated in fermentation of Eucalyptus globulus wood 
hydrolysate (114 g/L glucose). PE-2 isolate was able to resourcefully degrade furfural and HMF 
inhibitors attaining a remarkable final ethanol titre of 6.9% (v/v) and productivity of 0.8 g/Lh. 
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RESUMO 
A produção de bioetanol através da operação a alta concentração de substrato aumenta a 
produtividade global do processo e reduz o capital de investimento inicial e consumo de água 
comparando com o processamento a concentração normal. No entanto, existem alguns problemas 
de inibição que se tornam mais graves nestas condições de operação. Esta tese focou-se no 
desenvolvimento de processos eficientes de produção de bioetanol de primeira e segunda geração 
recorrendo a elevada concentração de substrato inicial. Devido aos promissores resultados obtidos 
nos processos “Very High Gravity, (VHG)” de primeira geração, uma abordagem aos processos de 
segunda geração foi então implementada visando um melhor entendimento das respostas 
fisiológicas da levedura em condições de stress. 
Com o objectivo de preencher os requisitos nutricionais da levedura Saccharomyces cerevisiae 
para uma máxima produção de etanol, uma metodologia de desenho factorial foi aplicada com 
sucesso para otimizar um meio de cultura com elevados níveis de glucose (330 g/L) baseado em 
“Corn steep liquor, (CSL)” e outros nutrientes de baixo custo. Usando o meio de cultura otimizado 
(g/L: CSL 44.3, ureia 2.3, MgSO4·7H2O 3.8 e CuSO4·5H2O 0.03), os isolados de levedura PE-2 e 
CA1185 apresentaram a melhor performance global de fermentação, entre as onze estirpes 
laboratoriais e industriais testadas. Os isolados PE-2 e CA1185 produziram elevados teores de 
etanol (mais de 19% v/v) com elevada produtividade (>2.3 g/Lh). Estes notáveis teores de etanol 
obtidos pelas estirpes industriais foram acompanhados por um aumento no teor de esteróis (2 a 5 
vezes), glicogénio (2 a 4 vezes) e trealose (1.1 vezes), relativamente à estirpe laboratorial CEN.PK 
113-7D, o que demonstra a sua robustez para superar o stress em condições “VHG”. 
Motivado pela detalhada informação fisiológica obtida destes isolados industriais, um sistema de 
fermentação com reciclagem de levedura em condições “VHG”, usando a estirpe PE-2, foi operado 
com sucesso durante quinze ciclos consecutivos, obtendo-se um teor de etanol médio de 17.1% 
(v/v) e produtividade de 3.51g/Lh. 
Para melhor compreender a forma como as condições inibitórias influenciam a fisiologia e 
metabolismo das células produtoras a nível genético, foi realizada uma abordagem para identificar 
genes chave comuns aos diferentes stresses em fermentações de bioetanol e validar os genes 
identificados em condições de fermentação relevantes a nível industrial. Primeiramente, o 
cruzamento de dados de análise quimiogenómica, previamente obtidos em análises de fenótipo a 
um único stress, permitiram a identificação de oito genes simultaneamente envolvidos na tolerância 
da levedura aos stresses relacionados com as condições “VHG”. Testes comparativos de 
fermentação em condições “VHG”, mostraram que cinco destes genes eram necessários para um 
desempenho fermentativo máximo: a presença dos genes BUD31 e HPR1 levaram ao aumento dos 
rendimentos em etanol e taxas de fermentação, enquanto que os genes PHO85, VRP1 e YGL024w 
mostraram ser necessários para uma máxima produção de etanol.  
Visando uma abordagem complementar para identificar genes chave e confirmar o seu papel na 
tolerância aos inibidores, foi realizada uma pesquisa baseada numa análise à escala do genoma de 
genes S. cerevisiae envolvidos na resistência a um hidrolisado de palha de trigo. Os resultados 
destacaram os genes associados ao metabolismo das vitaminas, funções da mitocôndria e 
peroxissomas, biogénese dos ribossomas e biogénese dos microtúbulos, entre os novos 
determinantes na resistência aos hidrolisados de palha de trigo. Além disso, comparando os 
resultados das fermentações em hidrolisado de palha de trigo, com os genes identificados na análise 
à escala do genoma, distinguiram-se os genes PRS3, VMA8, ERG2, RAV1 e RPB4 como genes 
chave na tolerância da levedura e fermentação de hidrolisados de palha de trigo industriais. 
Isolados de leveduras industriais foram avaliados na fermentação de um hidrolisado de “Eucalyptus 
globulus” (114 g/L).  O isolado PE-2 foi capaz de degradar eficientemente os inibitórios furfural e 
HMF obtendo-se um notável teor de etanol final de 6.9% (v/v) e produtividade de 0.8 g/Lh. 
 Francisco B. Pereira  xii  Universidade do Minho, 2014 
 Francisco B. Pereira  xiii  Universidade do Minho, 2014 
LIST OF PUBLICATIONS 
This thesis is based on the following original papers: 
 
Pereira FB, Guimaraes PMR, Teixeira JA, Domingues L. 2010. Optimization of low-cost 
medium for very high gravity ethanol fermentations by Saccharomyces cerevisiae using 
statistical experimental designs. Bioresour. Technol. 101:7856-7863. [Chapter 2] 
 
Pereira FB, Guimarães PMR, Teixeira JA, Domingues L. 2010. Selection of 
Saccharomyces cerevisiae strains for efficient very high gravity bioethanol fermentation 
processes.   Biotechnol. Lett. 32:1655-1661. [Chapter 3] 
 
Pereira FB, Guimarães PMR, Teixeira JA, Domingues L. 2011. Robust industrial 
Saccharomyces cerevisiae strains for very high gravity bioethanol fermentations. J. Biosci. 
Bioeng. 112:130-136. [Chapter 4] 
 
Pereira FB, Gomes DG, Guimarães PMR, Teixeira JA, Domingues L. 2012. Cell recycling 
during repeated very high gravity bioethanol fermentations using the industrial 
Saccharomyces cerevisiae strain PE-2. Biotechnol. Lett. 34:45-53. [Chapter 5] 
 
Pereira FB, Guimarães PMR, Gomes DG, Mira NP, Teixeira MC, Sá-Correia I, 
Domingues L. 2011. Identification of candidate genes for yeast engineering to improve 
bioethanol production in Very-High-Gravity and lignocellulosic biomass industrial 
fermentations. Biotechnol. Biofuels. 4:57. [Chapter 6] 
 
Pereira FB, Mira NP, Teixeira MC, Sá-Correia I, Domingues L. 2014. Genome-wide 
screening of Saccharomyces cerevisiae genes required to foster tolerance towards 
industrial wheat straw hydrolysates. J. Ind. Microbiol. Biotechnol. Doi:10.1007/s10295-
014-1519-z. [Chapter 7] 
 
Pereira FB, Romaní A, Ruiz HA, Teixeira JA, Domingues L. 2014 Industrial robust yeast 
isolates with great potential for fermentation of lignocellulosic biomass. Bioresour. 
Technol. 161:192-199. [Chapter 8] 
 Francisco B. Pereira  xiv  Universidade do Minho, 2014 
 Francisco B. Pereira  xv  Universidade do Minho, 2014 
CONTENTS 
Acnowledgements ........................................................................................................................................ vii 
Abstract.......................................................................................................................................................... ix 
Resumo .......................................................................................................................................................... xi 
List of Publications ...................................................................................................................................... xiii 
Contents ........................................................................................................................................................ xv 
List of Figures .............................................................................................................................................. xix 
List of Tables ............................................................................................................................................. xxiii 
List of Abbreviations .................................................................................................................................. xxv 
MOTIVATION AND OUTLINE OF THE THESIS .................................................................................... 1 
CHAPTER 1.................. ................................................................................................................................. 5 
Introduction ..................................................................................................................................................... 5 
1.1. Biofuels overview ..................................................................................................................................... 7 
1.2. Bioethanol................................................................................................................................................. 7 
1.2.1. Sugar and starch feedstocks to ethanol – 1st generation .................................................................. 8 
1.2.2. Cellulosic feedstocks to ethanol – 2nd generation ......................................................................... 10 
1.2.3. Intensification of bioethanol fermentation systems ...................................................................... 16 
1.3. Understanding yeast physiology processing at stressful conditions ....................................................... 17 
CHAPTER 2 ................................................................................................................................................. 21 
Optimization of low-cost medium for very high gravity ethanol fermentations by Saccharomyces 
cerevisiae using statistical designs ................................................................................................................ 21 
Abstract ........................................................................................................................................................ 21 
2.1. Introduction ............................................................................................................................................ 23 
2.2. Materials and Methods ........................................................................................................................... 24 
2.2.1. Yeasts ............................................................................................................................................ 24 
2.2.2. Media and Fermentations .............................................................................................................. 25 
2.2.3. Analytical Procedures ................................................................................................................... 26 
2.2.4. Experimental design ...................................................................................................................... 26 
2.2.5. Statistical Analysis ........................................................................................................................ 28 
2.2.6. Determination of fermentation parameters ................................................................................... 28 
2.3. Results and Discussion ........................................................................................................................... 29 
2.3.1. Screening of nutrient supplements that enhance VHG fermentation ............................................ 29 
2.3.2. Optimization of medium for VHG fermentations ......................................................................... 31 
2.3.3. Screening of vitamin and lipid supplements ................................................................................. 34 
2.3.4. VHG fermentations with the optimized medium using laboratory and industrial strains ............. 35 
2.4. Conclusions ............................................................................................................................................ 38 
CHAPTER 3 ................................................................................................................................................. 41 
 Francisco B. Pereira  xvi  Universidade do Minho, 2014 
Selection of Saccharomyces cerevisiae strains for efficient very high gravity bioethanol fermentation 
processes ......................................................................................................................................................... 41 
Abstract ........................................................................................................................................................ 41 
3.1. Introduction ............................................................................................................................................ 43 
3.2. Materials and Methods ........................................................................................................................... 44 
3.2.1. Yeasts ............................................................................................................................................ 44 
3.2.2. Media and Fermentations .............................................................................................................. 44 
3.2.3. Analytical procedures ................................................................................................................... 45 
3.2.4. Determination of fermentation parameters ................................................................................... 46 
3.3. Results and discussion ............................................................................................................................ 46 
3.4. Conclusions ............................................................................................................................................ 51 
CHAPTER 4 ................................................................................................................................................. 53 
Robust industrial Saccharomyces cerevisiae strains for very high gravity bioethanol fermentations .... 53 
Abstract ........................................................................................................................................................ 53 
4.1. Introduction ............................................................................................................................................ 55 
4.2. Materials and Methods ........................................................................................................................... 56 
4.2.1. Yeasts ............................................................................................................................................ 56 
4.2.2. Media and Fermentations .............................................................................................................. 56 
4.2.3. Analytical procedures ................................................................................................................... 57 
4.2.4. Determination of fermentation parameters ................................................................................... 59 
4.3. Results .................................................................................................................................................... 59 
4.3.1. Fermentation kinetics and physiological parameters .................................................................... 59 
4.3.2. Intracellular metabolites dynamics ............................................................................................... 65 
4.4. Discussion............................................................................................................................................... 68 
CHAPTER 5 ................................................................................................................................................. 73 
Cell recycling during repeated very high gravity bioethanol fermentations using the industrial 
Saccharomyces cerevisiae strain PE-2 .......................................................................................................... 73 
Abstract ........................................................................................................................................................ 73 
5.1. Introduction ............................................................................................................................................ 75 
5.2. Materials and Methods ........................................................................................................................... 76 
5.2.1. Yeast ............................................................................................................................................. 76 
5.2.2. Media and fermentations ............................................................................................................... 76 
5.2.3. Repeated-batch operation .............................................................................................................. 77 
5.2.4. Analytical methods ....................................................................................................................... 77 
5.2.5. Determination of fermentation parameters ................................................................................... 78 
5.3. Results and discussion ............................................................................................................................ 79 
5.3.1. Impact of initial glucose levels and temperature on the fermentation performance ...................... 79 
5.3.2. Repeated-batch system for VHG bioethanol fermentations using PE-2 strain ............................. 80 
 Francisco B. Pereira  xvii  Universidade do Minho, 2014 
5.4. Conclusions ............................................................................................................................................ 86 
CHAPTER 6 ................................................................................................................................................. 87 
Identification of candidate genes for yeast engineering to improve bioethanol production in Very 
High Gravity and lignocellulosic biomass industrial fermentations ......................................................... 87 
Abstract ........................................................................................................................................................ 87 
6.1. Introduction ............................................................................................................................................ 89 
6.2. Materials and Methods ........................................................................................................................... 90 
6.2.1. Strains and growth media .............................................................................................................. 90 
6.2.2. Preparation of the wheat straw hydrolysate .................................................................................. 91 
6.2.3. Fermentations in VHG-optimized medium or in wheat straw hydrolysate ................................... 92 
6.2.4. Comparative analysis of the fermentation profile of VHG-optimized growth medium or wheat 
straw hydrolysate by wild-type S. cerevisae BY4741 cells and selected deletion mutants. .................... 92 
6.2.5. Comparative analysis of the growth of wild-type cells and of the selected deletion  
 mutants in wheat straw hydrolysate using spot assays. .................................................................................. 93 
6.3. Results .................................................................................................................................................... 94 
6.3.1. Identification of Saccharomyces cerevisiae genes involved in tolerance to relevant stresses  
in VHG alcoholic fermentations or in biomass-based fermentations. ..................................................... 94 
6.3.2. Role of genes providing protection against acetic acid, ethanol and glucose stresses  
in VHG fermentations. ............................................................................................................................ 96 
6.3.3. Role of the expression of yeast genes providing resistance to ethanol, acetic acid, furfural  
or vanillin in growth and fermentation of a wheat straw hydrolysate. .................................................... 98 
6.4. Discussion............................................................................................................................................. 102 
6.5. Conclusions .......................................................................................................................................... 104 
CHAPTER 7 ............................................................................................................................................... 107 
Genome-wide screening of Saccharomyces cerevisiae genes required to foster tolerance towards 
industrial wheat straw hydrolysates .......................................................................................................... 107 
Abstract ...................................................................................................................................................... 107 
7.1. Introduction .......................................................................................................................................... 109 
7.2. Methods ................................................................................................................................................ 111 
7.2.1. Strains and growth media ............................................................................................................ 111 
7.2.2. Preparation of wheat straw and synthetic hydrolysates............................................................... 111 
7.2.3. Screening for lignocellulosic inhibitors sensitive deletion mutants ............................................ 112 
7.3. Results .................................................................................................................................................. 113 
7.3.1. Screening of genes conferring resistance to stress induced by cultivation in WSH .................... 113 
7.3.2. Genes required for maximal tolerance to cultivation in a SH ..................................................... 115 
7.3.3.  Comparison of the genes required for S. cerevisiae resistance to SH or WSH with those  
required for furfural or acetic acid resistance. ....................................................................................... 116 
7.4. Discussion............................................................................................................................................. 119 
7.5. Conclusions .......................................................................................................................................... 122 
 Francisco B. Pereira  xviii  Universidade do Minho, 2014 
CHAPTER 8 ............................................................................................................................................... 123 
Industrial robust yeast isolates with great potential for fermentation of lignocellulosic biomass ........ 123 
Abstract ...................................................................................................................................................... 123 
8.1. Introduction .......................................................................................................................................... 125 
8.2. Materials and Methods ......................................................................................................................... 126 
8.2.1. Yeasts .......................................................................................................................................... 126 
8.2.2. Preparation of Eucalyptus globulus wood (EGW) hydrothermal hydrolysate ............................ 127 
8.2.3. Fermentations .............................................................................................................................. 129 
8.2.4. Analytical procedures ................................................................................................................. 130 
8.2.5. Determination of fermentation parameters ................................................................................. 130 
8.3. Results and Discussion ......................................................................................................................... 131 
8.3.1. Fermentation performance in hydrolysate medium..................................................................... 131 
8.3.2. Inhibitory compounds in fermentation medium .......................................................................... 135 
8.3.3. Furfural-HMF complex detoxification ........................................................................................ 138 
8.3.4. Batch ethanol production in a 2L-Reactor .................................................................................. 141 
8.4. Conclusions .......................................................................................................................................... 142 
CHAPTER 9 ............................................................................................................................................... 143 
Conclusions and future perspectives .......................................................................................................... 143 
REFERENCES ............................................................................................................................................ 151 
SUPPLEMENTARY DATA ....................................................................................................................... 173 
 Francisco B. Pereira  xix  Universidade do Minho, 2014 
LIST OF FIGURES 
 
CHAPTER 1 
Figure 1.1 – Sugarcane (a) is a feedstock for bioethanol production. Once harvested (b), it can be crushed (c) 
and purified in a mill (d) before fermentation [source: Lee and Lavoie (2013)]. 
 
Figure 1.2 – Schematic of the overall pathway for ethanol production from lignocellulosic biomass. 
 
Figure 1.3 – Evolution of lignocellulose to ethanol process configurations. 
 
Figure 1.4 – Challenges in different steps of bioethanol production processes processing under VHG 
conditions (A) and using lignocellulosic biomass under HG conditions (B). Several stress factors affecting 
different steps of the process induce an inefficient conversion of sugars or biomass to ethanol. 
 
Figure 1.5 – Required traits of yeast strains for efficient industrial bioethanol fermentations. GRAS: 
Generally regarded as safe, as defined by the USA Food and Drug Administration (FDA) agency. 
 
CHAPTER 2 
Figure 2.1 - Profiles of CO2 production by strains CEN.PK 113-7D (A) and PE-2 (B) in fermentations of 
325 g/L initial glucose using the following media: 2YP (); RM (); OM (). 
 
CHAPTER 3 
Figure 3.1 - Profiles of CO2 production obtained in VHG fermentations: (A) ca. 300 g/L glucose by 
laboratory strains; (B) ca. 330 g/L glucose by industrial strains isolated from bioethanol distilleries; (C) ca. 
330 g/L glucose by industrial yeast strains isolated from “cachaça” fermentation. 
 
Figure 3.2 - VHG fermentations with laboratory and industrial S. cerevisiae strains: (A) final ethanol 
concentration (dark columns) and ethanol productivity (white columns); (B) ethanol yield; (C) initial glucose 
concentration (dark columns) and final glucose concentration (white columns); (D) final biomass 
concentration (dark columns) and final glycerol concentration (white columns). Error bars represent the 
range between independent biological duplicates, except for the PE-2 and CA1185 data for which the error 
 Francisco B. Pereira  xx  Universidade do Minho, 2014 
bars represent the standard deviation of 4 independent biological replicates. 
 
CHAPTER 4 
Figure 4.1 - Evolution of the main parameters during VHG fermentations with CEN.PK113-7D (circles), 
PE-2 (squares) and CA1185 (triangles) S. cerevisiae strains: (A) ethanol and glucose concentrations; (B) CO2 
concentration and cell viability; (C) fresh yeast mass and glycerol concentrations; (D) cell counts and pH. 
Solid symbols and full lines correspond to the parameters represented in the primary axis (ethanol, CO2, fresh 
yeast and cell counts) while open symbols and dotted lines relate to the secondary axis (glucose, viability, 
glycerol and pH). Error bars indicate the ranges between independent biological duplicates. 
 
Figure 4.2 - Microscopic observation of cell size and morphology of: (A) laboratory CEN.PK113-7D strain. 
Bar=10 μm; (B) industrial PE-2 strain. Bar=10 μm; (C) industrial CA1185 strain. Bar=10 μm. 
 
Figure 4.3 - Evolution of the specific rates of ethanol production throughout VHG fermentations with 
CEN.PK113-7D (circles), PE-2 (squares) and CA1185 (triangles) S. cerevisiae strains. 
 
Figure 4.4 - Yeast viability as a function of (A) ethanol concentration or (B) specific rates of ethanol 
production during VHG fermentations with CEN.PK113-7D (circles), PE-2 (squares) and CA1185 (triangles) 
S. cerevisiae strains. 
 
Figure 4.5 - Levels of intracellular metabolites in the course of VHG fermentations with CEN. PK113-7D 
(circles), PE-2 (squares) and CA1185 (triangles) S. cerevisiae strains: (A) trehalose (solid symbols) and 
sterols (open symbols); (B) glycogen (solid symbols) and glycerol (open symbols). Error bars indicate the 
ranges between independent biological duplicates. The levels of intracellular metabolites measured in the 
yeast suspensions used to inoculate the fermentations are represented at −5 h. 
 
Figure 4.6 - Intracellular glycogen levels as a function of ethanol concentration during VHG fermentations 
with CEN.PK113-7D (circles) (data from 12 to 72 h of fermentation), PE-2 (squares) and CA1185 (triangles) 
(data from 12 to 48 h of fermentation) S. cerevisiae strains. 
 
CHAPTER 5 
Figure 5.1 - Correlation between pitching rate (inoculum concentration) and CO2 batch productivity during 
VHG (313 ± 11 g/L glucose) fermentations by industrial PE-2 strain. The batch CO2 productivity was 
calculated at the point in which a CO2 concentration of 121 ± 4 g/L was reached. Consecutive batch 
fermentations were only conducted for 85 and 167 mg FY/mL pitching rate. Error bars represent the range 
between independent biological duplicates. 
 
 Francisco B. Pereira  xxi  Universidade do Minho, 2014 
CHAPTER 6 
Figure 6.1 - Comparison of the yeast genes described as determinants of resistance to inhibitory 
concentrations of (A) ethanol, glucose and acetic acid or of (B) ethanol, acetic acid and furfural or vanillin. 
The genes in the intersection of these datasets are highlighted. This comparative analysis was based on 
published genome-wide phenotypic screenings carried out in the presence of the referred stressors (Gorsich 
et al. 2006; Endo et al. 2008; Teixeira et al. 2009; Mira et al. 2010b; Teixeira et al. 2010). 
 
Figure 6.2 - (A) Comparison between the concentration of CO2 (Δ[CO2]corr) at mid fermentation point (49h) 
and of the final amount of ethanol (Δ[Ethanol]corr) produced by cells of the parental strain S. cerevisae 
BY4741 and by mutants deleted for the ANP1, BUD31, HPR1, PHO85, PPA1, RPL1B , VRP1 and YGL024w 
genes during fermentation of a growth medium optimized for VHG technology. The Δ[CO2]corr and 
Δ[Ethanol]corr parameters were calculated using equations 3 and 4, which are detailed in materials and 
methods. (B) The profile of CO2 production by wild-type cells or by the selected deletion mutants (all 
mentioned above except for Δrpl1b mutant). Those deletion mutants found to start the fermentation at the 
same time as wild-type cells (shown in left) were separated from those which started the fermentation later 
(shown in right). Error bars represent the range between independent biological duplicates. 
 
Figure 6.3 - Comparison between the concentration of CO2 (Δ[CO2]corr) at mid fermentation point (14 h) and 
of the final concentration of ethanol (Δ[Ethanol]corr) produced by cells of the parental strain S. cerevisae 
BY4741 and by the mutants deleted for genes conferring resistance against ethanol, acetic acid and vanillin 
or furfural in the fermentation of WSH. The Δ[CO2]corr and Δ[Ethanol]corr parameters were calculated using 
equations 3 and 4, as described in Methods. Error bars represent the error propagation associated with 
arithmetic operations used to determine the global relative variation of each mutant strain. 
 
Figure 6.4 - Profile of CO2 production by wild-type cells or by the mutants deleted for genes providing 
resistance against ethanol, acetic acid and vanillin or furfural. Those deletion mutants found to produce much 
lower levels of CO2 than those achieved by cells of the parental strain (panel A) were separated from those 
producing lower, but more similar concentrations (panel B). Error bars represent the range between 
independent biological duplicates. 
 
CHAPTER 7 
Figure 7.1 - Example of growth phenotypes of the parental BY4741 strain and single deletion mutant strains 
on WSH, SH and YPD (CTRL) media after 72 h. In this example, Vps16 was classified as inhibitor-sensitive 
deletion mutant with “high phenotype” (--, no growth after 72 h); Gim3 and Alf1 were classified as inhibitor-
sensitive deletion mutants with “low phenotype” (-, residual growth after 72 h); the growth phenotype of the 
other single gene deletion strains were considered “n.i”, no inhibition. 
 
Figure 7.2 - Clustering, based on biological function, of yeast determinants required for maximal tolerance 
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to cultivation in Wheat Straw Hydrolysate (WSH). Genes were clustered using GOToolBox, and only classes 
(#genes>10) found to be statistically overrepresented in our dataset are displayed (p-value below 0.01). Black 
bars, gene frequency within each class in the WSH dataset; White bars, frequency registered for the whole 
genome. 
 
CHAPTER 8 
Figure 8.1 - Profiles of CO2 production obtained in EGW hydrolysate fermentations with ca. 114 g/L 
glucose: (A) Industrial strains isolated from first generation bioethanol (PE-2, VR-1 and CAT-1), second 
generation bioethanol (CCUG53310) and beer (1762 BELG) plants; (B) Industrial strains isolated from 
Brazilian “cachaça” (CA11, CA155, CA1162, CA1187, CA1185) and cocoa fermentations (CH2-2, CH9-1, 
CH8-1 and CH1-1); (C) Laboratory background strains (K. marxianus CBS 6556, CEN.PK 113-7D, NRRL 
Y-265 ADAPT and NRRL Y-265). 
 
Figure 8.2 - Phenolic compounds, acetic acid, furfural and HMF concentration in the initial medium and at 
the end of EGW fermentations by (A) Industrial strains isolated from first generation bioethanol (PE-2, VR-1 
and CAT-1), second generation bioethanol (CCUG53310) and beer (1762 BELG) plants; (B) Industrial 
strains isolated from Brazilian “cachaça” (CA11, CA155, CA1162, CA1187, CA1185) and cocoa 
fermentations (CH2-2, CH9-1, CH8-1 and CH1-1); (C) Laboratory background strains (K. marxianus CBS 
6556, CEN.PK 113-7D, NRRL Y-265 ADAPT and NRRL Y-265). 
 
Figure 8.3 - Final ethanol concentration (g/L) as a function of detoxification percentage (%) of: (A) furfural; 
(B) HMF for different screened yeast strains. 
 
Figure 8.4 - Kinetics of bio-detoxification of EGW hydrolysate by the industrial S. cerevisiae strains PE-2 
and CCUG53310. (A) Furfural degradation profile; (B) HMF degradation profile. 
 
Figure 8.5 - Glucose, ethanol, furfural and HMF profiles during 2L reactor fermentation by the industrial S. 
cerevisiae PE-2 strain. 
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The production of alcohol by microbial fermentation of natural sugars is directly related to 
the ancient art of brewing. In that time (7.000 years ago), humans were far to think that 
alcohol could have a huge impact in the present days.  
The idea of using ethanol as fuel for engine combustion was first proposed by Nicholas 
Otto (1860). As early as 1908, Henry Ford was already aware of the promising substitute 
to gasoline – ethanol. At that time, the potential for fuel ethanol received only a modest 
consideration due to the dominance of low priced petroleum derived gasoline. 
Economic reasons (crude oil prices) and environmental factors such as global warming and 
the identification of methyl tertiary butyl ether (MTBE) used in gasoline as an 
environmental pollutant agent (1970), encouraged the development of sustainable 
renewable energy sources. The government’s investment to boost industrial programs 
toward manufacturing fuel from renewable materials and the establishment of the Kyoto 
Protocol to the United Nations Framework Conventions on Climate Change (1997), 
marked two of the most important efforts to promote the use of renewable energy 
worldwide. In the following years, it became clear that one of the biggest challenges for 
society in the 21
st
 century was to control the growing demand for energy for transportation 
and to provide sustainable and “green” raw material for the industry. 
Biofuels production grew exponentially, with the European Commission planning to 
substitute progressively 20% of the conventional fossil fuels with alternative fuels in the 
transportation sector by 2020. With the large scale production of bioethanol from sugar or 
grain (1
st
 generation technology), the diversion of carbohydrate from the human and 
animal food chain towards fuel production was often cited as a major drawback. Moreover, 
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possible negative effects on environment related with high needs of water available to 
grown carbohydrate rich crops and/or process requirements were also pointed out. The 
application of Very High Gravity (VHG) fermentation technology, i.e. the use of highly 
concentrated sugar substrates, minimizes the process water requirements increasing the 
overall plant productivity. However, this technology imposes some fermentation problems 
resulting from environmental stresses upon producing cells, which have been associated 
with stuck and incomplete fermentations. 
Stimulated by social and environmental concerns, the focus has recently shifted to 2
nd
 
generation technologies, seeking to generate ethanol and other valuable compounds from 
sources often considered waste products. Even so, successful industrial implementation of 
these strategies comes with multiple technical and engineering challenges. A significant 
challenge that arises from the chemical hydrolysis of lignocellulose is the generation of 
toxic compounds in parallel with the release of sugars. These degradation compounds 
impair metabolic functionality and growth, and is acknowledged that a more cost effective 
strategy is to select and/or develop resistant process strains. So, considering that the 
common success of 2
nd
 generation biomass fermentations is necessarily dependent on the 
ability of the used strains to cope with the different stresses imposed during the 
fermentation step, additional scientific and technological efforts on this area will 
necessarily improve the sustainability and economic feasibility of these processes and 
contribute for the development of the bioethanol industry.  
The purpose of this thesis was, therefore, the development of high productivity 1
st
 and 2
nd
 
generation bioethanol production processes running at high substrate concentration. Driven 
by the promising results obtained in 1
st
 generation VHG processes with the optimization of 
different environmental conditions (media – Chapter 2, process strain – Chapter 3 and 4 - 
and operation conditions- Chapter 5), we decided to move forward with an approach to the 
2
nd
 generation processes. The main aim here was to increase our understanding of the 
physiological responses of yeast under stressful conditions (Chapter 6, 7 and 8) as a major 
focus for the ongoing strain engineering, in order to attain the fitness and robustness 
required for an intensified fermentation process. 
Based on these main objectives, this thesis was organized in nine chapters. Chapter 1 
provides a general literature review about bioethanol production processes and about the 
main subjects covered in this thesis. Chapter 2 to 8 contain the main experimental results 
and Chapter 9 presents the general conclusions and future perspectives. 
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A short summary of the content of each chapter of this thesis follows. 
 
Chapter 1 - the thesis starts with a major overview of bioethanol production processes and 
the desired physiological background of yeast strains to implement high productivity 
systems. 
 
Chapter 2 - presents a factorial design approach to develop a low-cost medium based on 
inexpensive nutrient sources for high-performance batch VHG ethanolic fermentations. 
 
Chapter 3 - the evaluation of laboratory and industrial background strains under VHG 
batch fermentation conditions, in order to select the process strains that allow obtaining the 
highest ethanol titre and productivity. 
 
Chapter 4 – describes the kinetics of glucose fermentation, by strains selected in Chapter 
3, in VHG fermentation conditions. In this work, relevant physiological parameters 
(viability; intracellular concentrations of trehalose, glycogen, sterols and glycerol) were 
measured throughout the different batch fermentation stages with the aim to better 
understand the physiology and metabolism of these industrial strains in VHG stress 
conditions comparing to laboratory ones.  
 
Chapter 5 – describes the operation of a repeated-batch fermentation system with cell 
recycling under VHG conditions. This process was operated using the PE-2 industrial 
strain (previous selected in Chapter 3). Moreover, an innovative operational strategy to 
prevent critical decreases on yeast viability levels under harsh environments was devised.  
 
Chapter 6 - describes an integrative approach aiming for identification of genes required 
for yeast simultaneous resistance to chemical stresses relevant for VHG and lignocellulosic 
fermentations. The focused and more realistic approach exploited in this study allowed us 
to confirm the practical importance of a set of genes for maximal fermentation 
performance in a growth medium optimized for VHG (Chapter 1) and/or lignocellulosic 
biomass fermentations mimicking industrial relevant conditions. 
 
Chapter 7 - presents results from genome-wide analysis, in industrial media and using 
BY4741 strain, with the intent to identify genes required for simultaneous and maximal 
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tolerance to lignocelulose-derived inhibitors.  
The direct intersection of these results with those obtained in Chapter 6 validate our 
screening strategy and highlighted the importance of five key genes on yeast tolerance and 
fermentation of industrial lignocellulose hydrolysates. 
 
Chapter 8 – presents a screening study comprising ten S. cerevisiae and four K. marxianus 
strains isolated from industrial environments and four laboratory strains. For a more dose-
to-reality approach, the inhibitor tolerance and fermentation performance was evaluated 
using a real hydrolysate from hydrothermally pretreated Eucalyptus globulus wood. The 
results from this work highlight the importance of strain robustness and tolerance to 
inhibitory compounds to attain a high ethanol yields. 
 
Finally, Chapter 9 presents a summary of the main conclusions and some suggestions for 
future work. 
 
 Francisco B. Pereira  5  Universidade do Minho, 2014 
 
 
  CHAPTER 1 
 
Introduction 
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1.1. Biofuels overview 
Rising concerns over the increasing worldwide energy demand and concerns about climate 
change from greenhouse gas emissions have resulted in a high level of interest in non-
conventional fuel originating from bio-renewable sources, in the last 10 to 20 years.  
There are many different types of biofuels, which are produced from various crops and via 
different processes. Accordingly to Lee and Lavoie (2013), biofuels can be classified 
broadly as (1) first generation biofuels, include ethanol and biodiesel which are directly 
produce from sugar or starch raw materials, (2) second generation biofuels, defined as 
fuels obtained from different renewable raw materials ranging from lignocellulosic 
feedstocks to municipal wastes, and (3) third generation biofuels, at this point, fuels that 
are produced from algal biomass and generally use CO2 as feedstock.  
Today, it is widely recognized that biofuels possess a significant potential for sustainability 
and economic growth of industrialized countries. In this context, some governments have 
announced considerable R&D programs to further diminish, in medium term, the 
dependence from the petroleum-based fuels (reviewed by Antoni et al. 2007). The United 
States (US), Brazil and several EU member states have the largest programs promoting 
biofuels in the world. Brazil and US account for 89% of the current global bioethanol 
production. In Europe, while countries are performing important efforts to increase their 
5% worldwide bioethanol production, biodiesel production mainly in France and Germany 
remains by far more substantial and accounts to 56% of the global worldwide production 
(Limayem and Ricke, 2012). This phenomenon found explanation on rising importance of 
diesel engines in transportation sector and feedstock opportunity costs.  
Currently, all industrial scale production of bioethanol and biodiesel belongs to first 
generation biofuels. However, ethical concerns about the use of food as fuel raw materials 
have encouraged research efforts to be more focused on the potential of feedstocks 
alternatives. The technology for scaling second generation biofuels exists but requires solid 
economics that are directly dependent on efficient utilization of all lignocellulose carbon 
sources for ethanol (fuel) production, as well as high value co-products. 
 
1.2. Bioethanol  
Ethanol or ethyl alcohol (CH3CH2OH) is an important organic chemical that can be used 
for various purposes. Ethanol is widely considered as the most popular alcoholic biofuel 
available in the world market and its production during 2000 to 2011 increased from 17.0 
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to 86.1 x 10
6
 m
3
 (REN21, 2012). There are several reasons for its use as alternative fuel 
such as (1) it is produced from the renewable agricultural products, (2) it is less toxic than 
other alcoholic fuels, and (3) by-products of incomplete oxidation of ethanol (e.g. acetic 
acid and acetaldehyde) are less toxic than the by-products formed from other alcohols 
(Vohra et al. 2014).  
The production of ethanol has two established routes: synthetic and biological. The 
synthetic ethanol production is normally carried out by a catalytic hydration of ethylene in 
vapor phase and is often a by-product of certain industrial operations (Badger 2002). The 
“biological” ethanol is traditionally produced from sugarcane molasses or starchy 
substrates by batch fermentation with yeast Saccharomyces cerevisiae. By-products of this 
reaction process are CO2 and low amounts of organic acids, glycerol and other minor 
compounds.  
 
1.2.1. Sugar and starch feedstocks to ethanol – 1st generation 
Bioethanol is commonly produced from the agricultural raw materials containing sugar. 
The sugar-based ethanol plants are predominantly installed in tropical areas like Brazil, 
India and Columbia, while the starch-based ethanol is generally obtained from corn, and its 
production is dominated by the US followed by other countries such as China, Canada, 
France, Germany and Sweden (IEA, 2012). World-wide production of bioethanol was 106 
bilion litres in 2011 (Haan et al. 2013). 
First generation bioethanol can be produced from direct fermentation of simple sucrose-
containing feedstocks such as sugarcane (Macedo et al. 2008), sugar beet (Içoz et al. 
2009), sweet sorghum (Yu et al. 2008) and whey (Guimarães et al. 2008) or starchy 
materials such as corn (Persson et al. 2009), wheat (Nigam, 2001) and cassava (Kosugi et 
al. 2009). In spite of the production process being dependent of raw material used, the 
biological process are commonly carried out accordingly three main operation units: (1) 
formation of a solution of fermentable sugars, (2) fermentation of these sugars to ethanol, 
and (3) separation and purification of the ethanol, usually by distillation. The step before 
fermentation, to obtain fermentable sugars, is the main difference between the ethanol 
production processes from simple sugar or starch. After the harvesting step, sugar crops, 
need only a milling process for the extraction of sugars from cane juice or molasses for 
fermentation, becoming a relatively simple process (see Figure 1.1). On the contrary, in 
processes that use starch, beyond the milling of the substrate it is necessary a reaction of 
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starch with water to break down the chains of this complex carbohydrate for obtaining a 
glucose syrup – hydrolysis step. Typically, hydrolysis or saccharification is carried out by 
mixing the starch with water to form a slurry that is then heated to rupture the cell walls by 
action of specific enzymes (α-amylase and amyloglucosidase). After the saccharification 
process, the released sugar content has to be adjusted in to range of 14-18% (w/w) to 
achieve an optimum fermentation efficiency of yeast S. cerevisiae, the most commonly 
used microorganism, at temperatures around 30-35ºC and cell densities of 8-17% (v/v). 
Inside the fermentation tank, the sugar monomers are converted into CO2 and ethanol, until 
a final concentration around 10% (v/v) is reached. After the fermentation, the obtained 
broth is send to the distillation phase where a final product with a concentration of 95% 
(v/v) is achieved. 
 
 
 
 
 
 
 
Figure 1.1 – Sugarcane (a) is a feedstock for bioethanol production. Once harvested (b), it can be crushed (c) 
and purified in a mill (d) before fermentation [source: Lee and Lavoie (2013)]. 
 
Regarding the industrial operations, there are three main configurations to perform the 
fermentation process: batch, fed-batch, and continuous fermentation (extensively reviewed 
by Cardona and Sanchez 2007). Each configuration shows different advantages and 
disadvantages (Cardona and Sanchez 2007), however, the fed-batch operation can avoid or 
minimize substrate inhibition by maintaining a low substrate concentration (Parawira and 
Tekere 2011) and the continuous mode can lead to high ethanol productivities even though 
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the risks of contamination are high due to the long cultivation periods (Jedrzejewska and 
Kozak 2011). 
In Brazilian industrial well-established process, cell recycle systems are used in which 
yeast is typically concentrated and separated from the fermentation broth, washed with an 
acid solution to minimize bacterial contamination, and recycled to fermenters resulting in 
high cell densities systems that shorten fermentations to 6-10h (Wheals et al. 1999; Della-
Bianca et al. 2013; Vohra et al. 2014). On the other hand, some industrial US corn-based 
ethanol plants are operated continuously with ongoing addition of sugar and discharge of 
fermentation broth. Usually, the fermentation cyles varies from 20 to 40h and the final 
product attain an ethanol content of 8-10% (v/v) (Shapouri and Gallagher 2005; Vohra et 
al. 2014). 
 
1.2.2. Cellulosic feedstocks to ethanol – 2nd generation 
Although corn and sugar-based ethanol plants are well known and promising substitutes to 
gasoline production, mainly in the transportation sector, they are not sufficient to replace a 
reasonable portion of the 3.7 trillion liters of fossil fuel consumed worldwide each year 
(Limayen and Ricke 2012).  
Second generation bioethanol processes have technically no limit in terms of feedstocks 
supply, as 7-8 billion tons/year of lignocelulosic biomass is available for human 
exploitation (Lin and Tanaka 2006; Lennartsson et al. 2014). Furthermore, the price of this 
alternative substrate is significantly lower than the price of corn and sugarcane crops, 
while still allowing the co-production of a variety of value added compounds, following 
the concept of “biorefinery” (reviewed by Meon and Rao 2012). Lignocellulosic substrates 
are divided in three main components: cellulose, hemicellulose and lignin. Cellulose and 
hemicellulose components are comprised of long chains of glucose molecules (and 
pentoses in case off hemicellulose) that are encapsulated by lignin, which provides 
structural support and makes the sugars difficult to reach (Girio et al. 2010). Potential 
lignocellulosic substrates and their composition are presented in Table 1.1. 
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Table 1.1 – Potential lignocellulosic biomass source and composition (% dry weight). Average values 
accordingly Ruiz et al. (2011) and Limayen and Ricke (2012). 
Raw material Hemicelluloses Cellulose Lignin Others (i.e., ash) 
Agricultural residues 30±5 45±5 10±5 14±2 
Hardwood  32±5 35±5 22±2 0.6±0.1 
Softwood 27±3 42±2 35±7 0.5±0.2 
Grasses 37±2 32±5 a a 
Waste papers  22±2 60±5 8±2 a 
Newspaper 32±5 50±5 24±5 a 
Switch grass 30±5 37±5 15±5 a 
a Not present     
 
The biomass conversion pathway into ethanol is generally conducted according to two 
different platforms, usually referred as thermochemical and sugar platforms (see a 
schematic representation in Figure 1.2). Both approaches involve degradation of the 
recalcitrant structure of lignocellulose into the main components cellulose, hemicellulose 
and lignin. The biochemical route, that is the most frequently used process, includes three 
main steps: the pretreatment of the biomass, hydrolysis for the release of free sugars from 
cellulose and hemicellulose, and fermentation of sugars to ethanol. After that, the produced 
ethanol can be recovered by distillation and purified from water (Figure 1.2). Other process 
steps such as feedstock harvesting, handling and milling of the biomass to attain small 
particles are also included. 
An effective pretreatment process is critical for maximal exposure of cellulose surface to 
enzymes during hydrolysys and efficient downstream operations. This process step 
contributes with the major cost component of the overall process and can be classified as a 
biological, physical and chemical treatment, where temperature, pressure and reaction 
times are the main variables (Balat and Balat 2009). Several pretreatment options have 
been developed and optimized such as dilute acid (Mussatto and Roberto 2004), steam 
explosion (Balat 2011), autohydrolysis (Ruiz et al. 2011), ammonia pretreatment (Bellesia 
et al. 2011) among others. Moreover, comprehensive reviews on advances of pretreatment 
technology have been recently published (Taherzadeh and Karimi 2008; Mood et al. 2013). 
The choice of a pretreatment method is related with the recalcitrance level of the biomass 
material and the enrgy required to attain size reduction for further enzymatic hydrolysis. 
Toxic inhibitory level estimation has also been considered an important factor for 
evaluating the pretreatment method selection (Viikari et al. 2012). Recently, some authors 
recognized that the more environmentally friendly steam explosion and autohydrolysis 
pretreatments remains as the most attractive options due to their flexibility and ability to 
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overcome both woody material and agriculture residues, with the highest sugar recovery 
and lowest energy consumption (Zhu and Pan 2010; Ruiz et al. 2011; Limayem and Ricke 
2012).  
Under the extreme conditions observed during the pretreatment step, some toxic 
compounds are released together with sugars. Generally speaking, these inhibitory 
compounds can be divided in three categories: (1) furans such as furfural and 
hydroxymethyl furfural (HMF), (2) weak acids such as acetic acid and formic acid, and (3) 
phenolic compounds such as aromatic and polyaromatic compounds. While acetic acid, the 
most common weak acid derived from lignocellulosic hydrolysates, is formed by 
deacetylation of hemicelluloses, furan compounds, 2-furaldehyde (furfural) and 5-
hydroxymethyl-2-furaldehyde (HMF), are formed by dehydration of pentoses and hexoses, 
respectively. Phenolic compounds are generated due to lignin breakdown and carbohydrate 
degradation during acid hydrolysis (reviewed by Almeida et al. 2007). Due to the harmful 
effects of inhibitory compounds to yeast cells (reviewed by Taylor et al. 2012), a 
detoxification step following the pretreatment is often added to remove these chemicals. 
The detoxification method can be physical - evaporation and extraction; chemical - 
increasing the pH of the pretreated hydrolysate; biological- application of enzymes and 
microbial detoxification. The different detoxification methods and their implications were 
extensively reviewed by Palmqvist and Hahn-Hägerdal (2000). Although the addition of a 
detoxification step improves the cell’s fermentation performance, the prolonged processing 
time and the additional cost of agents, operation and equipment maintenance make the 
whole process less economical. Therefore, robust microorganisms that can tolerate (or in 
situ detoxify) high concentration of inhibitors are required (see more details in section 1.3). 
The hydrolysis step involves the breakdown of the complex sugars (polysaccharides) to 
their simple monomers (Figure 1.2). This reaction complements the purpose of the 
pretreatment and their effectiveness are normally associated. There are two different 
methods for hydrolysis that involve either an acidic reaction or enzymatic reaction. The 
current trend focuses on enzymatic hydrolysis due to the higher yields and reduced costs 
comparatively to acid hydrolysis, avoiding wastewater treatment requirements resulting 
from the use of acid (Balat and Balat 2009). The enzymatic hydrolysis is usually 
performed at standard conditions (pH 4.8 and temperature 45-50ºC) (Yáñez et al. 2009) 
and the synergistic action of three major groups of specific enzymes are involved: 
endoglucanase (EC 3.2.1.4), cellobiohydrolsase (EC 3.2.191 and β-glucosidase (EC 
3.2.1.21) (widely reviewed by Sun and Cheng 2002). 
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Figure 1.2 – Schematic of the overall pathway for ethanol production from lignocellulosic biomass. 
 
After hydrolysis, the released sugars (hexoses and pentoses) are mixed with water and 
converted to ethanol by microbial fermentations (Figure 1.2). Integrated configurations of 
fermentation and hydrolysis steps can be implemented aiming higher fermentation 
efficiency and hydrolysis rate, higher tolerance to inhibitors and overall costs savings 
(Figure 1.3). Two hydrolysis and fermentation approaches are traditionally applied: 
Separated Hydrolysis and Fermentation (SHF) and Simultaneous Saccharification and 
Fermentation (SSF) (Galbe and Zacchi 2002). In the SHF process, both enzymes and yeast 
work at their optimal temperature, but an accumulation of end-product inhibitors can 
reduce the efficiency of hydrolysis. In the SSF process, enzymes and yeast work at 
suboptimal temperature conditions but the end-product inhibition can be avoided (Balat 
2011). Therefore, the choice of process design and possible integration steps is highly 
dependent of several factors such as chemical and physical properties of the biomass, 
equipment and the metabolic background of enzymes and the fermenting microorganisms 
(Cardona and Sanchez 2007). However, models based on laboratory research data have 
showed that the SSF processes are the most efficient alternative for wheat and softwood 
biomass fermentation (Wingren et al. 2003; Drissen et al. 2009). Moreover, conducting 
SSF at high solid loadings has received considerable attention as an important approach to 
improve the final ethanol concentrations (Roche et al. 2009; Zhang et al. 2010). In this 
respect, fed-batch operation can be a reliable option to solve the mixture and stirring 
problem that is caused by high viscosity at high solids loading (Huang et al. 2011). 
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Another interesting approach is the pre-hydrolysis at higher temperature improving 
mixture properties of the substrate (Vikari et al. 2012) or the co-fermentation of C5 and C6 
sugars simultaneously (SSCF) in the same vessel (Cardona and Sanchez 2007). Aiming the 
reduction of production capital cost, another possible configuration has been proposed – 
Consolidated Bioprocessing (CBP) (see Figure 1.3), where only one microbial community 
carries out the cellulase production, cellulose hydrolysis and fermentation of all sugars in a 
single step  (reviewed by Hasunuma and Kondo 2012).  
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Figure 1.2 – Evolution of lignocellulose to ethanol process configurations. 
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1.2.3. Intensification of bioethanol fermentation systems 
Running the fermentation process at high substrate concentration (VHG conditions, > 300 
g/L sugar concentration) is not only an important trend in 1
st
 generation bioethanol, but 
also more recently a primary concern for industrial implementation of 2
nd
 generation 
bioethanol production processes. The application of this technology can decisively 
contribute for a successful implementation of cellulose to ethanol conversion as a cost-
competitive process (Koppram et al. 2014) and improves the process economics of the 
well-established sugar-based ethanol plants (see Figure 1.4A). However, the 
implementation of HG conditions (> 80 g/L sugar concentration) using lignocellulosics, 
requires further advances in knowledge and technology, mainly regarding the high loading 
of raw material (initial loading content of 20 %, w/w) that naturally implies mixing 
problems inside the reactors and increased amount of inhibitors in the pretreated material 
(Figure 1.4B) (Koppram et al. 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 – Challenges in different steps of bioethanol production processes processing under VHG 
conditions (A) and using lignocellulosic biomass under HG conditions (B). Several stress factors affecting 
different steps of the process induce an inefficient conversion of sugars or biomass to ethanol. 
 
Several technological and economic benefits of this technology have been reported such as 
decrease process water requirements and energy costs, increase of overall plant 
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productivity and higher ethanol concentrations in the fermentation product that allow 
considerable savings in energy for distillation (Wang et al. 2007; Mussatto et al. 2010). 
However, there are several problems associated with yeast fermentation efficiency under 
these harsh conditions (Figure 1.4) (Bai et al. 2008; Xiros and Olsson 2014). In this matter, 
it is widely recognized that HG and VHG processes require robust industrial strains to 
cope with high stressful conditions, able to adjust rapidly their metabolism as well as adapt 
to a specific environment over a long time (Pereira et al. 2010b; Koppram et al. 2014).  
 
1.3. Understanding yeast physiology processing at stressful 
conditions  
Processing at stressful conditions, i.e. fermenting substrates in (very) high gravity 
conditions, the production cells are exposed to an initial high osmotic pressure, nutrient 
starvation, lack of oxygen and the accumulation in the growth medium of high 
concentrations of inhibitory compounds (Wang et al. 2007; Mira et al. 2010c; Teixeira et 
al. 2011). Moreover, operating in the SSF configuration the used strain has to remain 
active under conditions that are near optimal for cellulase activity (pH 6, 40-50ºC) and co-
utilize a variety of sugars at high yields (Geddes et al. 2011; Haan et al. 2013).  
S. cerevisiae is usually the first choice for industrial processes involving alcoholic 
fermentation (see Figure 1.5). The reasons for this preference include: (1) its good 
fermentative capacity; (2) its GRAS status; (3) its capacity to grow rapidly under anaerobic 
conditions, which helps circumventing the oxygenation problems inherent to large-volume 
industrial fermentations; (4) minimal by-product formation; (5) the extensive industrial and 
scientific knowledge accumulated that makes it one of the best studied organisms. 
Laboratory S. cerevisiae strains have been used to study the response to external 
environmental conditions for a long time (Berry and Gasch, 2008). These strains are often 
haploid or diploid, well documented, and easily manipulated by using modern molecular 
biology and metabolic engineering tools (Albers and Larsson, 2009). Although attractive in 
this perspective, the performance of laboratory strains is generally weak under the very 
harsh conditions found in industrial processes. Industrial yeasts differ from the laboratory 
ones in stress response (Pizarro et al. 2007), because they commonly encounter more 
complex stress conditions simultaneously or sequentially, and are often selected to have 
better and faster stress responses (Pizarro et al. 2008). Therefore, it is widely believed that 
fermentation by yeast under harsh industrial conditions, especially when lignocellulose 
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biomass is used as substrate, requires the use of so-called industrial strains (Albers and 
Larsson, 2009). In order to check whether this is always true, several physiological studies 
have been performed in order to compare the fermentation performance of laboratory and 
industrial background strains in inhibitory lignocellulose fermentations (Modig et al. 2008; 
Albers and Larsson 2009; Westman et al. 2012; Kasavi et al. 2012) or in conditions 
resembling such environment (Zaldivar et al. 2002; Martín and Jonsson 2003; Edgardo et 
al. 2008) highlighting the importance of appropriate yeast screening process to design a 
high-productivity fermentation processes. 
 
 
Figure 1.5 – Required traits of yeast strains for efficient industrial bioethanol fermentations. GRAS 
Generally regarded as safe, as defined by the USA Food and Drug Administration (FDA) agency. 
 
Pretreated lignocellulosic hydrolysates, beyond containing high concentration of inhibitors, 
present a large fraction of pentoses (manly xylose and arabinose) that cannot be fermented 
by S. cerevisiae strains (Figure 1.5) A vast variety of other microorganisms (bacteria, 
fungi) and other yeasts such as Pichia stipitis are able to ferment C5 sugars. These strains 
have been physiological characterized during the past years (Wu et al. 1986; Cook et al. 
1994; Strobel et al. 1995). However, low performances due to their needs of 
microaerophilic conditions and high susceptibility to inhibitors, ethanol and low pH 
limited their industrial implementation (Vohra et al. 2014)  
In other perspective, metabolic engineering strategies have been applied to improve the 
fermentation phenotypes of different production microorganisms, e.g. deleting the 
byproducts formation pathways in anaerobic bacteria (Hahn-Hagerdahl et al. 2007; Taylor 
et al. 2009), or introducing heterologous xylose pathways into S. cerevisiae cells for 
conversion of xylose to ethanol (extensively reviewed by Vleet and Jeffries 2009). 
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Moreover, the state of the art is rather well advanced in relation to the increase of yeast 
tolerance to environmental stress, including osmotic stress, thermo-tolerance and inhibitors 
(e.g. ethanol, furans, acids, phenolics) (Almeida et al. 2007; Santos and Stephanoupoulos 
2008; Mills et al. 2009; Ishchuk et al. 2009). Several strategies such as genome shuffling 
(Shi et al. 2009; Zheng et al. 2011), artificial transcription factor engineering (Park et al. 
2003), global transcription machinery engineering (Alper and Stephanopoulos 2007; Liu et 
al. 2011) and random mutagenesis (Sridhar et al. 2002) have also been developed for this 
purpose. However, all the recombinant strains and/or evolutionary engineered strains 
(Sauer 2001; Çakar 2009; Zhou et al. 2012) are still far from the industrial efficiency 
requirements. Therefore, the lack of robust production strains able to efficiently convert all 
sugars present in biomass hydrolysates is still one of the major bottlenecks for industrial 
implementation of 2
nd
 generation bioethanol. 
A different strategy for strain improvement relies on the integration of knowledge of 
physiological functionality – physiological engineering. Generally, scientists attempted to 
improve product yield by modifying specific metabolic pathways and substrate transport 
systems in laboratory background strains, predominantly by using gene-by-gene 
modifications (Zhang et al. 2009). Differing from this conventional metabolism-oriented 
engineering strategy, this technique focuses primarily on the physiological status of 
microbial cells and the desired physiological characteristics of a target strain, usually based 
on the bioprocess conditions. Is of utmost importance previously select the right host strain 
with high natural physiological robustness for one specific industrial process and, then, 
engineer the other desired secondary functionalities by efficient metabolic engineering 
approaches. 
In this matter, the microflora of traditional and industrial fermentation processes 
constitutes a potential source of natural microbial isolates that exhibit at least some of the 
desired physiological characteristics for bioethanol production with high efficiency. Wild 
yeasts can be found in industrial alcoholic fermentation processes, such as the “cachaça” 
(typical Brazilian distilled beverage obtained from sugarcane) fermentation and bio-
ethanol production plants in Brazil (Basso et al. 2008; Bernardi et al., 2008). In these harsh 
environments, yeasts are subjected to several stresses such as heat, osmotic stress, ethanol 
shock and/or starvation and often these stress conditions are overcome by the strains 
(Della-Bianca et al. 2013).  
Therefore, aiming for the implementation of robust and cost-effective bioethanol 
production processes, a search for a host strain naturally adapted to the harmful industrial 
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fermentation conditions previous to an oriented multiple gene engineering program is of 
utmost importance. Technological efforts to better understand how these stressful 
conditions influence the physiology of the producing cells should be a major focus in the 
ongoing strain engineering, in order to attain the fitness and robustness of the entire 
fermentation process.  
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CHAPTER 2 
Optimization of low-cost medium for very high gravity 
ethanol fermentations by Saccharomyces cerevisiae 
using statistical designs 
 
Abstract 
 
Statistical experimental designs were used to develop a medium based on corn steep liquor 
(CSL) and other low-cost nutrient sources for high-performance very high gravity (VHG) 
ethanol fermentations by Saccharomyces cerevisiae. The critical nutrients were initially 
selected according to a Plackett–Burman design and the optimized medium composition 
(44.3 g/L CSL; 2.3 g/L urea; 3.8 g/L MgSO4.7H2O; 0.03 g/L CuSO4.5H2O) for maximum 
ethanol production by the laboratory strain CEN.PK 113 7D was obtained by response 
surface methodology, based on a three-level four-factor Box-Behnken design. The 
optimization process resulted in significantly enhanced final ethanol titre, productivity and 
yeast viability in batch VHG fermentations (up to 330 g/L glucose) with CEN.PK113-7D 
and with industrial strain PE-2, which is used for bioethanol production in Brazil. Strain 
PE-2 was able to produce 18.6 ± 0.5% (v/v) ethanol with a corresponding productivity of 
2.4 ± 0.1 g/Lh. This study provides valuable insights into cost-effective nutritional 
supplementation of industrial fuel ethanol VHG fermentations. 
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2.1. Introduction 
Bioethanol is regarded as a promising alternative energy source, which is both renewable 
and environmentally friendly. During bioethanol production, the composition of media 
affects the physiological state and, consequently, the fermentation performance of the 
microorganism employed (Hahn-Hägerdal et al. 2005).  
Ethanolic fermentations with very high sugar concentrations (> 300 g/L) - very high 
gravity (VHG) fermentations – have many advantages from an industrial point of view, 
resulting in reduced costs because of lower energy consumption (Thomas et al. 1996). 
However, these fermentations are rarely fast and complete due to physiological changes in 
the microbial cells. The high sugar content in the fermentation medium causes an increase 
in the osmotic pressure, which has a damaging effect on yeast cells. Saccharomyces 
cerevisiae, the yeast commonly used for ethanolic fermentations, can ferment increased 
amount of sugars in the medium when all required nutrients are provided in adequate 
amounts (Bafrncová et al. 1999). Specific nutrients, such as nitrogen, trace elements or 
vitamins, are required to obtain rapid fermentation and high ethanol levels, desirable to 
minimize capital costs and distillation energy. On a laboratory scale, media are often 
supplemented with peptone and yeast extract. However, such addition is not feasible in 
industrial fermentation processes due to the high costs associated. Thus, it is necessary to 
exploit inexpensive nutrient sources to supply all nutritional requirements for yeast growth 
and fermentation.  
Corn steep liquor (CSL), a major by-product of corn starch processing, is a low-cost source 
of proteins, amino acids, minerals, vitamins and trace elements and can be used as a rich 
and effective nutritional supplement, in particular, as replacement for yeast extract and 
peptone in alcoholic fermentations (Amartey and Jeffries 1994; Kadam and Newman 1997; 
Lawford and Rousseau 1997; Seo et al. 2009; Tang et al. 2006). Moreover, the effects of 
metal ions on yeast cell growth and fermentation are well documented. Magnesium, 
calcium and zinc have been reported to influence the rate of sugar conversion and are 
required as cofactors for several metabolic pathways (Palukurty et al. 2008; Xue et al. 
2008; Zhao et al. 2009). Furthermore, the protective effects of magnesium and calcium 
against ethanol stress have been extensively studied (Birch and Walker 2000; Nabais et al. 
1988). Metal ion deficiencies often occur in fermentation media (Jones and Greenfield 
1984), and studies on optimization of metal ions combinations are thus of great practical 
importance to improve ethanol production. 
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Medium optimization by the classical method of changing one variable while fixing the 
others at a certain level is laborious and time-consuming, especially when the number of 
variables is large. An alternative and more efficient approach in microbial systems is the 
use of statistical methods. Response surface methodology (RSM) is a commonly used 
method to assess the optimal fermentation conditions and also an efficient statistical 
technique for optimization of multiple variables with minimum number of experiments. 
This method has been successfully applied to optimize alcoholic fermentation (Laluce et 
al. 2009; Palukurty et al. 2008; Ratnam et al. 2005; Yu et al. 2009). Plackett-Burman 
design allows testing of the largest number of factor effects with the least number of 
observations, and allows random error variability estimation and testing of the statistical 
significance of the parameters (Plackett and Burman 1946). The Box-Behnken is a three-
level factorial design, which allows estimating and interpreting interactions between 
various variables at a time during the optimization process. It is suitable for exploration of 
quadratic responses and constructs a second-order polynomial model with very few runs 
(Ferreira et al. 2007). 
In this study, factorial design approaches were used to develop a low-cost medium based 
on CSL and other inexpensive nutrient sources for high-performance batch VHG ethanolic 
fermentations by S. cerevisiae. The supplements that significantly improved ethanol 
production by the laboratory strain CEN.PK 113-7D were selected according to Plackett-
Burman designs and the concentrations of the key nutrient factors (CSL, urea, MgSO4 and 
CuSO4) were optimized using a Box-Behnken design. Furthermore, the optimized medium 
was compared with a reference medium containing CSL as the sole nutrient source, using 
the strain CEN.PK 113-7D as well as an industrial strain (PE-2). 
 
2.2. Materials and Methods 
2.2.1. Yeasts 
The laboratory S. cerevisiae strain CEN.PK 113-7D (van Dijken et al. 2000) was used 
throughout the screening and optimization experimental designs. Final comparative 
fermentation tests were performed also with the industrial strain PE-2 (Basso et al., 2008). 
Stock cultures were maintained on YPD [yeast extract 1 % (w/v), bacto peptone 2 % (w/v) 
and glucose 2 % (w/v)] agar plates at 4 ºC. 
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2.2.2. Media and Fermentations 
For nutrient screening and optimization, fermentation tests were performed in basic 
medium (BM) consisting of 296 – 308 g/L glucose and 15 g/L CSL, supplemented with 
nutrients according to the experimental designs (Tables 2.2 and 2.4). Glucose syrup and 
CSL were kindly provided by a starch manufacturer (COPAM, Portugal) and autoclaved 
separately (121 ºC, 20 min). After autoclaving, the CSL was allowed to settle for 1 – 2 
days at 4 ºC and then centrifuged (15 min at 13100 x g) to remove the insolubles. The 
packed sediment corresponded to 15% (w/w) of the whole CSL. The main composition of 
the centrifuged CSL (i.e. the supernatant after centrifugation) is shown in Table 2.1. Batch 
1 and batch 2 were obtained from the same industrial plant approximately 3 months apart. 
The concentrated nutrient stock solutions were sterilized by filtration and added aseptically 
to the medium. A reference medium (RM) consisting of 290 – 330 g/L glucose and 100 
g/L CSL, and 2YP medium consisting of 290 – 330 g/L glucose, 20 g/L yeast extract and 
40 g/L peptone (i.e. the double of the yeast extract and peptone concentrations used in 
standard YP medium), were used for comparative studies. In all cases, the medium was 
aerated by stirring with a magnetic bar (length of 3 cm) at > 850 rpm during 20 min before 
inoculating the fermentation flasks, reaching > 95% of air saturation (approximately, 8 
ppm of oxygen) (Munroe 2006). 
 
Table 2.1 - Composition of the centrifuged CSL (values are average ± range of duplicate analyses). 
  Batch 1 Batch 2 
Density 1.15 ± 0.00 1.13 ± 0.02 
Humidity (%, w/w) 65.4 ± 0.1 64.7 ± 0.0 
Ash (%, w/w) 6.15 ± 0.15 5.97 ± 0.46 
Free reducing sugarsa  (%, w/w) 4.09 ± 0.04 3.82 ± 0.14 
Glucoseb (%, w/w) 0.439 ± 0.014 0.408 ± 0.006 
Total Kjeldahl nitrogenc (%, w/w) 2.25 ± 0.46 2.26 ± 0.04 
Fatd (%, w/w) 3.19 ± 0.80 1.95 ± 0.81 
pH 3.9 4.1 
      aDetermined by the DNS method (Miller, 1959), using glucose as standard 
bDetermined by HPLC     
cDetermined using the Tecator Kjeltec 1026 system   
dDetermined using the Tecator Soxtec HT2 system   
 
Yeast for inoculation was grown in 1 L Erlenmeyer flasks filled with 400 mL of medium 
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containing 50 g/L glucose, 20 g/L peptone and 10 g/L yeast extract. After incubation at 30 
ºC and 150 rpm for 24 – 26 h (OD600 of 7 – 7.5), the cell suspension was aseptically 
collected by centrifugation  (10 min at 7500 x g, 4 ºC) and suspended in 0.9% NaCl to a 
concentration of 200 mg fresh yeast/mL, to minimize the transfer of nutrients from the 
seed culture to the fermentation medium. The yeast cells were inoculated at about 8 mg 
fresh yeast/mL into 40 mL of culture medium to start the fermentation.  
Fermentations were done at 30 ºC and 150 rpm in 100 mL Erlenmeyer flasks fitted with 
perforated rubber stoppers enclosing glycerol-filled air-locks to allow exhaustion of CO2 
while avoiding entrance of air. The initial pH was adjusted to 5.5 with NaOH and the final 
pH was higher than 3.9 in all fermentations. The progress of fermentation was followed by 
mass loss. Samples for analyses were taken at the beginning and end of fermentation. The 
fermentation experiments were stopped when the weight of the flasks did not change 
anymore. 
 
2.2.3. Analytical Procedures 
Yeast growth was monitored by measuring the optical density of the culture at 600 nm 
(OD600). Cell dry weight was determined by centrifugation (10 min at 7500 x g, 4 ºC) of 20 
mL of the yeast culture in a pre-weighed dried tube, washing of the pellet with 20 mL of 
distilled water, drying overnight at 105 ºC and weighing. Glucose, ethanol and glycerol 
were analyzed by HPLC, using a Varian MetaCarb 87H column eluted at 60 ºC with 0.005 
M H2SO4 at a flow rate of 0.7 mL/min, and a refractive-index detector. Yeast cell number 
was determined with a Neubauer counting chamber and viability was determined by 
methylene blue staining (Mills 1941). 
 
2.2.4. Experimental design 
A Plackett-Burmam design was performed to screen nine independent variables selected 
from the literature as feasible supplements in alcoholic fermentations (g/L): CSL 25, urea 
1.5, (NH4)2SO4 5, MgSO4·7H2O 5, KH2PO4 2, ZnCl2 0.01, FeSO4·7H2O 0.0072, 
CuSO4·5H2O 0.075, CaCl2·2H2O 0.8. For each variable, the presence and absence levels of 
supplements were tested (all trials were performed in duplicate), resulting in 13 
independent experiments (Table 2.2). Significant positive variable effects were considered 
when the reported p-values were lower than 0.05. 
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Table 2.2 - Experimental and predicted values of final ethanol, CO2 produced during the initial 30 h of fermentation, final biomass and final glycerol concentrations in 
fermentations of BM with 308 g/L initial glucose supplemented according to the Plackett–Burman design. 
 
Run   CSL Urea (NH4)2SO4 MgSO4 KH2PO4 ZnCl2 FeSO4 CuSO4 CaCl2 Ethanol (g/L) CO2 at 30 h (g/L) Biomass (g/L) Glycerol (g/L) 
          Exp.* Mod.** Exp.* Mod.** Exp.* Mod.** Exp.* Mod.** 
1-2 0 0 0 5 0 0 0.0072 0 0.8 127.5 ± 1.1 127.4 45.4 ± 0.9 49.2 5.5 ± 0.0 5.7 8.7 ± 0.2 9.3 
                  
3-4 0 0 5 0 0 0.01 0 0.075 0.8 121.5 ± 2.5 119.1 47.6 ± 0.5 46.2 4.5 ± 0.0 4.4 8.5 ± 0.0 8.1 
                  
5-6 0 0 5 0 2 0.01 0.0072 0 0 105.0 ± 1.0 108.2 67.5 ± 0.1 70.3 5.3 ± 0.3 5.4 8.8 ± 0.4 9.6 
                  
7-8 0 1.5 0 0 2 0 0.0072 0.075 0.8 127.0 ± 2.2 128.7 46.3 ± 0.1 45.2 4.8 ± 0.3 4.6 8.7 ± 0.2 8.8 
                  
9-10 0 1.5 0 5 2 0.01 0 0 0 128.1 ± 0.6 125.7 72.6 ± 0.2 71.2 5.3 ± 0.3 5.2 10.5 ± 1.6 9.9 
                  
11-12 0 1.5 5 5 0 0 0 0.075 0 129.8 ± 1.7 132.2 43.5 ± 0.5 45.0 4.5 ± 0.0 4.6 10.0 ± 0.0 11.0 
                  
13-14 12.5 0.75 2.5 2.5 1 0.005 0.0072 0.0375 0.4 130.1 ± 0.9 125.9 70.1 ± 0.1 61.6 5.8 ± 0.3 5.6 12.0 ± 0.0 9.6 
                  
15-16 25 0 0 0 2 0 0 0.075 0 130.1 ± 1.1 129.2 62.3 ± 0.0 64.7 6.5 ± 0.0 6.7 7.8 ± 0.0 8.0 
                  
17-18 25 0 0 5 0 0.01 0.0072 0.075 0 128.6 ± 0.3 130.3 62.2 ± 0.1 61.1 6.5 ± 0.0 6.4 9.9 ± 2.1 10.0 
                  
19-20 25 0 5 5 2 0 0 0 0.8 128.0 ± 1.0 128.9 76.0 ± 0.8 73.5 6.5 ± 0.0 6.3 8.2 ± 0.0 7.9 
                  
21-22 25 1.5 0 0 0 0.01 0 0 0.8 131.2 ± 0.5 133.6 78.4 ± 0.3 79.8 6.0 ± 0.0 6.1 7.4 ± 0.0 7.8 
                  
23-24 25 1.5 5 0 0 0 0.0072 0 0 130.7 ± 1.0 129.1 77.8 ± 0.3 77.7 6.5 ± 0.0 6.4 10.1 ± 2.0 10.0 
                  
25-26 25 1.5 5 5 2 0.01 0.0072 0.075 0.8 131.4 ± 2.4 131.4 62.1 ± 0.9 65.9 4.8 ± 0.3 4.9 9.0 ± 0.2 9.6 
* Exp. : experimental value               
** Mod.: model-predicted value               
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Furthermore, a Box-Behnken design was performed using the independent variables 
selected as significant in the screening design. Four replicates at the centre point level were 
also run to check if there was a non-linear relationship between the variables and the 
responses, leading to a total number of 28 trials (Table 2.4).  
For predicting the optimal point, a second-order polynomial function was fitted to correlate 
the relationship between independent variables and response. X1, X2, X3 X4 factors were 
correlated by the following equation: 
 
Y = b0 + b1X1 + b2 X2 + b3 X3 + b4 X4 + b11 X12 + b22 X22 + b33 X32 + b44 X42 + 
 b12 X1 X2 + b13 X1 X3 + b14 X1 X4 + b23 X2 X3 + b24 X2 X4 +b34 X3 X4        (1.1) 
 
In equation 1, Y is the predicted response corresponding to the ethanol titre at the end of 
the fermentation process. X1, X2, X3 and X4 are independent variables, b0 is an offset term, 
b1, b2, b3 and b4 are linear effects and b12, b13, b14, b23, b24 and b34 are interaction terms.  
A screening of vitamins (selected from the yeast mineral medium described by Verduyn et 
al. 1992) was done in glucose medium containing the optimal concentration of nutrients 
(X1, X2, X3 and X4) predicted by the Box-Behnken model (designated optimized medium – 
OM) and supplemented, according to a Plackett-Burman design, with (mg/L): biotin 0.1, 
myo-inositol 100, pantothenic acid 5, nicotinic acid 5, thiamine 5, pyridoxine 5 and p-
aminobenzoic acid 1 (total number of 26 fermentation trials). Additionally, 
supplementation of OM with tween 80 (2.4 ml/L), linoleic acid (60 mg/L) and ergosterol 
(24 mg/L) was also evaluated. 
 
2.2.5. Statistical Analysis 
The JMP TM -The Statistical Discovery Software was used for generation and evaluation 
of the statistical experimental design. The optimized medium composition for ethanol 
production was obtained by solving the regression equation. The data from final 
comparative fermentations, between OM and RM were analysed by SigmaStat 3.10 (Systat 
software). 
 
2.2.6. Determination of fermentation parameters 
Ethanol conversion yield was calculated as the ratio between the maximum ethanol 
concentration produced and the glucose consumed (difference between the initial and 
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residual glucose concentrations) and expressed as a percentage (%) of the theoretical 
conversion yield, i.e. the yield considering a production of 0.511 g of ethanol per g of 
glucose. Ethanol productivity was defined as the ratio between final ethanol concentration 
and total fermentation time (fermentation was considered to be complete when the mass 
loss stopped). The yeast viability was calculated as the ratio between viable (non-stained) 
and total cell counts. 
 
2.3. Results and Discussion 
The development of a fermentation medium based on industrial substrates is economically 
desirable. CSL is a nutrient rich source and has been often used as a media supplement 
(Amartey and Jeffries 1994; Jorgensen 2009; Kadam and Newman 1997; Lawford and 
Rousseau 1997; Seo et al. 2009; Tang et al. 2006). To evaluate the feasibility of using CSL 
as the sole nutrient source to sustain high-performance VHG fermentation, fermentations 
of 300 g/L glucose solutions supplemented with CSL in concentrations ranging from 5 g/L 
to 150 g/L were carried out. Increasing CSL concentration in the medium up to 110 g/L led 
to enhanced ethanol production. The highest ethanol production (ca. 125 g/L) was 
observed in fermentations with 75 – 110 g/L CSL. A slight decrease in yield occurred 
when CSL concentration was raised to 150 g/L (data not shown). Nevertheless, a 
fermentation medium with such high CSL concentration (> 75 g/L) could compromise the 
economical viability of industrial fermentation processes, because of the high costs 
associated with this supplementation. Thus, the partial replacement of CSL with other 
inexpensive nutrient sources was studied. As the starting condition for such medium 
development experiments, we have used a basic medium (BM) containing 15 g/L CSL, 
therefore providing a minimum level of nutrients to support fermentation. 
 
2.3.1. Screening of nutrient supplements that enhance VHG fermentation  
Plackett-Burman design-based experiments were performed to select nutrients – metal 
ions, phosphate and nitrogen sources - that could replace CSL and enhance fermentation 
parameters. The use of additional CSL was also introduced as one of the independent 
variables in the screening design, since its level in BM was low. The supplements were 
chosen on the basis of their cost and availability with a potential industrial utilization in 
mind. Table 2.2 shows the experimental data as well the values predicted by the models 
constructed using four distinct response variables: final ethanol titre, CO2 produced during 
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the initial 30 h of fermentation, final biomass and final glycerol concentrations. Regression 
analysis showed that the models for ethanol titre (R
2
 = 0.85 and adjusted R
2
 = 0.76), CO2 
at 30 h (R
2
 = 0.93; adjusted R
2
 = 0.89) and biomass (R
2
 = 0.93; adjusted R
2
 = 0.89) are 
adequate, while the model for glycerol was not satisfactory. The significance of each co-
efficient was determined by student’s t-test. The p-value was used as indicator of the 
statistical significance of the test. The results for the model using the final ethanol titre as 
the response are presented in Table 2.3, showing that CSL, urea and MgSO4, whose 
probability values are below 0.01 (significance level higher than 99%), contributed 
significantly to enhancing the ethanol production in VHG fermentation. CuSO4 had also a 
significant positive effect on ethanol production (p < 0.05, i.e. significance level > 95%) 
and the supplementation with CaCl2 showed a positive effect but its contribution was not 
significant (p-value > 0.05). The others supplements (ZnCl2, (NH4)2SO4, KH2PO4 and 
FeSO4) added to BM medium showed a negative effect on overall ethanol production 
(Table 2.3). The CO2 produced during the initial 30 h of fermentation was used as a 
parameter to assess the initial fermentation rate. Besides CSL and urea, ZnCl2 and KH2PO4 
showed also a significant (p < 0.01) positive effect on the initial fermentation rate, with 
coefficients of 3.256 and 2.655 respectively (Table S1). Conversely, CuSO4 had a strong 
significant (p < 0.01) negative effect (Table S1). Similar qualitative results were obtained 
when considering the CO2 production at 48 h (Table S2). In terms of final biomass 
production, only CSL had a significant positive effect, while CuSO4, urea, CaCl2, 
(NH4)2SO4 and ZnCl2 had significant (p < 0.01) negative impacts (Table S3). 
 
Table 2.3 - Plackett–Burman design – effects of nutrient sources on the final ethanol titre. 
Term Coefficient Standard Error t - value p - value 
CSL 3.426 0.7006 4.890 0.0002 * 
Urea 3.122 0.7006 4.460 0.0004 * 
MgSO4 2.326 0.7006 3.320 0.0043 * 
ZnCl2 -2.269 0.7006 -3.200 0.0051 
(NH4)2SO4 -2.165 0.7006 -3.100 0.0007 
KH2PO4 -1.626 0.7006 -2.300 0.0338 
CuSO4 1.497 0.7006 2.140 0.0485 * 
CaCl2 1.192 0.7006 1.700 0.1083 
FeSO4 -1.573 0.9376 -1.700 0.1129 
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Taken together, the results of the screening experiment show that addition of more CSL 
had the strongest contribution to enhancing the fermentation kinetics, improving the initial 
fermentation rate, the final ethanol titre and the final biomass concentration. 
Supplementation with urea had also a positive effect on the fermentation rate and on the 
ethanol titre. Amino nitrogen, the principal component of CSL and urea likely explain 
these results. The positive effect of increased free amino nitrogen concentration has 
frequently been reported during optimization processes of VHG fermentation medium (see 
e.g. Bafrncová et al. 1999; Dragone et al. 2003; Jones and Ingledew 1994; Ratnam et al. 
2005). Besides, CSL contains many other nutrients, including trace elements and vitamins 
(Akhtar et al. 1997) that likely have a positive impact on fermentation. Surprisingly, 
supplementation with (NH4)2SO4 had a negative impact on the final ethanol titre (Table 
2.3) and only a slight positive effect (not statistically significant) on the initial fermentation 
rate (Table S1). This observation indicates that the selection of the nitrogen source for 
VHG media affects the overall yeast fermentation performance. Addition of MgSO4 
significantly increased the final ethanol titre (Table 2.3), which is in accordance with 
several reports describing a positive effect of magnesium ions on yeast ethanol tolerance 
and fermentation (Birch and Walker 2000; Dombek and Ingram 1986; Hu et al. 2003; 
Kadam and Newman 1997; Wang et al. 2007). Magnesium seems to protect yeast cells 
during fermentation by a mechanism that results in decreased plasma membrane 
permeability under ethanol stress conditions (Birch and Walker 2000; Hu et al. 2003). 
Supplementation with CuSO4 (0.3 mM) also had a significant positive effect on the final 
ethanol titre (Table 2.3), although it affected negatively the initial fermentation rate (Table 
S1) and the final biomass production (Table S3). Similarly, Azenha et al. (2000) observed 
that addition of copper (0.1 – 1 mM) to synthetic medium resulted in marked increases in 
ethanol production by S. cerevisiae, although the fermentations became slower.  
 
2.3.2. Optimization of medium for VHG fermentations 
A three-level four-factor Box-Behnken experimental design was performed with BM 
supplemented with different combinations of the variables that were selected by the 
Plackett-Burman design as significant to enhance the final ethanol titre. Table 2.4 shows 
the experimental data and the values predicted by the model constructed using the final 
ethanol titre as the response variable. By applying multiple regression analysis on the 
experimental data, the following second order polynomial equation giving the ethanol titre 
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Table 2.4 - Experimental values of final ethanol, CO2 produced during the initial 38 h of fermentation, final biomass and final glycerol concentrations in fermentations of 
BM with 296 g/L initial glucose supplemented according to the Box-Behnken design. The final ethanol concentrations predicted by the model are also shown. 
Run CSL (X1) Urea (X2) MgSO4 (X3) CuSO4 (X4) Ethanol titre (g/L) CO2 at 38 h (g/L) Biomass (g/L) Glycerol (g/L) 
     Exp.* Mod.** Exp.* Exp.* Exp.* 
1 15 0.5 5 0.075 113.9 111.5 71.0 6.0 8.0 
2 15 1.5 2.5 0.075 115.7 121.0 71.7 6.5 7.3 
3 15 1.5 5 0.025 124.0 120.8 88.8 7.0 8.3 
4 15 1.5 5 0.125 110.6 112.8 71.2 6.0 9.1 
5 15 1.5 7.5 0.075 117.2 117.0 77.5 6.5 8.8 
6 15 2.5 5 0.075 129.2 128.1 86.7 7.5 9.1 
7 25 0.5 2.5 0.075 123.6 122.0 81.9 7.5 8.1 
8 25 0.5 5 0.025 118.2 122.2 88.4 7.0 7.7 
9 25 0.5 5 0.125 110.0 109.6 77.7 6.5 8.1 
10 25 0.5 7.5 0.075 113.2 114.7 80.7 6.5 7.7 
11 25 1.5 2.5 0.025 135.2 133.1 95.8 8.5 8.5 
12 25 1.5 2.5 0.125 118.9 116.2 86.7 6.5 8.7 
13 25 1.5 5 0.075 132.5 132.7 93.2 7.5 7.9 
14 25 1.5 5 0.075 132.4 132.7 93.5 8.5 8.6 
15 25 1.5 5 0.075 132.0 132.7 93.5 8.0 8.6 
16 25 1.5 5 0.075 133.9 132.7 92.3 8.0 8.6 
17 25 1.5 7.5 0.025 123.8 124.3 93.0 8.0 7.9 
18 25 1.5 7.5 0.125 112.5 112.4 85.3 6.5 8.7 
19 25 2.5 2.5 0.075 134.8 133.7 96.5 8.0 8.8 
20 25 2.5 5 0.025 134.4 134.1 96.2 7.5 8.8 
21 25 2.5 5 0.125 122.6 120.5 89.8 6.5 9.2 
22 25 2.5 7.5 0.075 126.5 128.4 94.2 7.5 8.7 
23 35 0.5 5 0.075 124.0 122.8 89.1 8.5 8.2 
24 35 1.5 2.5 0.075 128.6 130.7 95.8 8.5 8.3 
25 35 1.5 5 0.025 135.4 134.1 98.8 7.0 8.6 
26 35 1.5 5 0.125 110.2 113.8 92.3 7.0 7.9 
27 35 1.5 7.5 0.075 125.5 122.1 96.5 8.0 8.6 
28 35 2.5 5 0.075 131.4 131.6 99.0 7.5 8.9 
* Exp. : experimental value ** Mod.: model-predicted value     
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 (Y) as a function of CSL (X1), urea (X2), MgSO4 (X3) and CuSO4 (X4) concentrations was 
obtained: 
 
Y = 132.716 + 3.701X1 + 6.331X2 – 3.152X3 – 7.197X4 – 1.955X1X2 –  
1.156X1X3 + 0.523X2X3– 2.956X1X4 – 0.924X2X4 +1.249X3X4 – 5.606X12 –        (1.2) 
3.607X22 – 4.402X32 – 6.857X42       
 
For a good statistical model the R
2
 value should be close to 1.0 where a value of 0.75 
indicates the aptness of the model (Niladevi et al. 2009). The regression analysis of the 
data showed a good adjustment of the proposed model with more than 93% variability in 
response being explained by the proposed model (R
2
 value of 0.9347 and adjusted R
2
 value 
of 0.8644). This indicated that equation 1.2 was a suitable model to describe the response 
of the experiment to ethanol production. 
The analysis of variance (ANOVA) of the quadratic regression model indicated that the 
model was highly significant, as the F value for the model was 13.298 (p = 0.0001). 
The results of Box–Behnken experiments showed both positive and negative dispersion of 
values (Table 2.5). The analysis of variance (ANOVA) of experimental data showed that 
medium supplementation with CSL, urea, MgSO4 and CuSO4 had a strongly linear effect 
on the response (p < 0.01, 99% significance). Increased concentrations of CSL and urea 
showed a positive correlation with ethanol production. Conversely, increased MgSO4 and 
CuSO4 concentrations in the medium had a negative effect on the maximum ethanol titre, 
possibly because CSL may already contain magnesium (Kadam and Newman 1997) and 
copper ions and, consequently, low concentrations may be sufficient to complement CSL 
addition. Furthermore, there is a relatively narrow optimum concentration for copper and 
other heavy metals, which at high levels have toxic effects on yeast cells (Azenha et al. 
2000).  
The optimal concentrations of the four factors that maximize ethanol production were 
predicted using the optimization function (standard least squares numerical method) of the 
JMP TM - The Statistical Discovery Software. CSL 44.3 g/L, urea 2.3 g/L, MgSO4·7H2O 
3.8 g/L and CuSO4·5H2O 0.03 g/L were chosen as the optimal concentrations (optimized 
medium – OM), predicting a maximum ethanol production of 139 g/L. Eight independent 
fermentation runs at the above optimized conditions were carried out and an average 
response of 130 ± 2 g/L was achieved, which reached 94% of the predicted value by the 
software. The good agreement between the predicted and experimental results confirmed 
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the validity of the model. 
 
Table 2.5 - Box-Behnken design – standardized effects of nutrient supplementation on the final ethanol titre. 
Factor Coefficient Standard error t - value p - value 
Intercept 132.72 1.5805 84.0 0.0000 
CSL 3.7011 0.91250 4.06 0.0014 
Urea 6.3313 0.91250 6.94 0.0000 
MgSO4 -3.1522 0.91250 -3.45 0.0043 
CuSO4 -7.1970 0.91250 -7.89 0.0000 
CSL*Urea -1.9550 1.5805 -1.24 0.2380 
CSL*MgSO4 -1.1565 1.5805 -0.730 0.4773 
Urea*MgSO4 0.52250 1.5805 0.330 0.7462 
CSL*CuSO4 -2.9557 1.5805 -1.87 0.0841 
Urea*CuSO4 -0.92450 1.5805 -0.580 0.5686 
MgSO4*CuSO4 1.2490 1.5805 0.790 0.4436 
CSL*CSL -5.6056 1.2905 -4.34 0.0008 
Urea*Urea -3.6072 1.2905 -2.80 0.0152 
MgSO4*MgSO4 -4.4022 1.2905 -3.41 0.0046 
CuSO4*CuSO4 -6.8566 1.2905 -5.31 0.0001 
 
According to the screening experiment, besides CSL and urea, ZnCl2 and KH2PO4 also 
improved the initial fermentation rate significantly (Table S1), which is in agreement with 
previous reports on the positive effects of zinc and phosphorus in alcoholic fermentations 
(Xue et al. 2008; Yu et al. 2009; Zhao et al. 2009). However, supplementation of OM with 
0.01 g/L ZnCl2 or 2 g/L KH2PO4 did not have any effect on the fermentation kinetics 
(Figure S1), indicating that the demand for zinc and phosphorus was already fully covered 
by other components, most likely CSL. 
 
2.3.3. Screening of vitamin and lipid supplements 
Supplementation of OM with vitamins (biotin, myo-inositol, pantothenic acid, nicotinic 
acid, thiamine, pyridoxine and p-aminobenzoic acid) (Table S4) and lipids (Tween 80, 
linoleic acid and ergosterol) was tested, envisioning further improvements of the 
fermentation rate and/or ethanol production. The positive impacts of vitamins (Alfenore et 
al. 2002) and lipids, particularly linoleic acid (Moonjai et al. 2002), oleic acid (the main 
component in Tween80) and ergosterol (Casey et al. 1984), on yeast fermentation have 
been reported in the literature. Analyses of variance (ANOVA) showed that 
supplementation of OM with vitamins did not contribute significantly (p-value > 0.05) to 
enhance the ethanol production in VHG fermentation (Table S5). The only vitamin 
showing a slightly positive effect on the final ethanol titre was biotin (coefficient of 0.378) 
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but its contribution was not statistically significant (p = 0.055) (Table S5). Similarly, no 
improvements of final ethanol production and fermentation kinetics (Figure S2) were 
observed when OM was supplemented with unsaturated fatty acids (linoleic acid or Tween 
80) or ergosterol. These results indicate that the yeast’s requirement for vitamins and lipids 
was also fulfilled by CSL. 
 
2.3.4. VHG fermentations with the optimized medium using laboratory and 
industrial strains 
The significance of this medium optimization process was studied in VHG fermentations 
with the laboratory strain CEN.PK 113-7D and with the industrial strain PE-2, which has 
been isolated from bioethanol production facilities in Brazil and is currently one of the 
most widely used strains in Brazilian distilleries (Argueso et al. 2009; Basso et al. 2008). 
Hence, several fermentations of glucose (290 – 330 g/L) to ethanol were performed to 
compare the optimized medium (OM) with a reference medium (RM) that contained 100 
g/L CSL as the sole nutrient source (Table 2.6). Fermentation progression is illustrated by 
the CO2 production (mass loss) profiles shown in Figure 2.1. Under the oxygen-limiting 
conditions used in this study, the kinetics of ethanol production closely followed the 
pattern of CO2 evolution. Under VHG conditions, the final ethanol titres in RM were 
higher (relative increase ca. 6%) than those in standard double-strength YP medium (2YP), 
although the initial fermentation rates were similar in these media (Figure 2.1).  
With strain CEN.PK 113-7D, the maximum ethanol concentration in fermentations with 
approximately 290 – 300 g/L initial glucose was significantly higher (n = 8, p-value < 
0.01) in OM (130 g/L) than in RM (120 g/L), corresponding to a relative increase of 8%. 
This clear improvement in ethanol production was not evident in the final biomass 
concentration obtained in RM and OM (Table 2.6). Supplementation with optimal nutrients 
concentrations resulted also in higher fermentation rate (Figure 2.1A) and a higher overall 
ethanol productivity (relative increase of 7%) (Table 2.6). With ca. 300 g/L initial glucose, 
only 4.3 g/L of residual glucose remained unconsumed. However, when the initial glucose 
concentration was raised close to 330 g/L, the fermentation stopped when the sugar 
residual was still 45 g/L (data not shown), possibly due to ethanol inhibition or a 
synergistic effect between high concentrations of ethanol and glucose in the late stages of 
fermentation (see Casey and Ingledew 1986 and references therein). Furthermore, this 
increase in the initial glucose concentration resulted in a considerable decrease in the 
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fermentation rate (slower fermentation) and, consequently, in overall ethanol productivity, 
probably due to the increased osmotic pressure (higher content of sugar) at the beginning 
of the fermentation process (Pratt et al. 2003).  
With strain PE-2, the maximum ethanol concentration in fermentations of 300 – 330 g/L 
initial glucose was also significantly higher (n = 4, p-value < 0.01) in OM (147 g/L) 
compared to RM (130 g/L), corresponding to a relative increase of 13% (Table 2.6). The 
fermentation rate was also enhanced by optimal supplementation (Figure 2.1B), 
contributing to a relative increase of 44% in the overall ethanol productivity (Table 2.6).  
The influence of the medium optimization process on yeast viability was also investigated. 
Near the end of fermentations, i.e. at the point in which an ethanol titre of 15.0 ± 0.4% 
(v/v) was reached, the viability of strain CEN.PK 113 7D has improved from 64% in RM 
to 85% in OM (Table 2.6). Similarly, when the ethanol titre reached 16.8 ± 0.3% (v/v), the 
viability of PE-2 cells improved from 43% in RM to 89% in OM (Table 2.6). For both 
strains, the increases in cell viability were statistically significant at the 95% level (n = 2, 
p-value < 0.05). The higher viability possibly resulted from a higher ethanol tolerance 
reflecting the fact that medium supplementation with metal ions, principally magnesium, 
exhibited protective effect against ethanol toxicity (Xue et al. 2008). 
Strain CEN.PK 113-7D was unable to ferment more than 300 g/L glucose, while the 
results indicate that the industrial strain PE-2 was less sensitive to osmotic pressure and 
ethanol stress, being able to consume 330 g/L glucose and produce a higher ethanol titre 
(Table 2.6).  
 
(A)      (B) 
Figure 2.1 - Profiles of CO2 production by strains CEN.PK 113-7D (A) and PE-2 (B) in fermentations of 
325 g/L initial glucose using the following media: 2YP (); RM (); OM (). 
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Table 2.6 - VHG fermentations with approximately 300–330 g/L initial glucose with the RM and the OM by strains CEN.PK 113-7D and PE-2. Values are average ± 
standard deviation of eight biological replicates for the CEN.PK 113-7D data and four biological replicates for PE-2, except for the yeast viability values which are 
average ± range of biological duplicates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Strain CEN.PK 113-7D PE-2 
Medium RM OM RM OM 
Initial glucose (g/L) 290 ± 4 327 ± 4 297 ± 6 324 ± 12 296 ± 0 327 ± 4 299 ± 0 322 ± 14 
         
Maximum ethanol 
concentration (g/L) 
120 ± 3 105 ± 4 130 ± 2 119 ± 4 130 ± 1 130 ± 0 130 ± 0 147 ± 4 
         
Maximum ethanol 
titre (%, v/v) 
15.2 ± 0.4 a 13.3 ± 0.5 c 16.5 ± 0.3 b 15.1 ± 0.5 d 16.5 ± 0.6 16.5 ± 0.0 e 16.5 ± 0.1 18.6 ± 0.5 f 
         
Residual glucose (g/L) 17.6 ± 5.0 58.1 ± 11.7 4.3 ± 2.8 45.0 ± 9.0 0.3 ± 0.3 13.5 ± 0.1 0.0 ± 0.0 0.6 ± 1.0 
         
Final glycerol (g/L) 10.3 ± 0.5 10.6 ± 0.4 9.9 ± 0.5 10.3 ± 0.2 11.7 ± 1.5 10.8 ± 0.1 12.8 ± 0.5 13.3 ± 0.9 
         
Final biomass (g/L) 7.0 ± 0.8 6.5 ± 0.4 7.5 ± 0.8 6.4 ± 0.3 11.7 ± 0.3 9.8 ± 0.8 10.7 ± 0.0 9.6 ± 0.6 
         
Ethanol yield (% of 
the theoretical value) 
86 ± 2 77 ± 6 87 ± 3 84 ± 4 86 ± 1 80 ± 0 85 ± 0 92 ± 5 
         
Final ethanol 
productivity (g/Lh) 
1.74 ± 0.15 1.35 ± 0.05 1.87 ± 0.21 1.41 ± 0.14 2.10 ± 0.02 1.67 ± 0.00 2.60 ± 0.01 2.41 ± 0.10 
         
Yeast viability (%) - 64 ± 7 g - 85 ± 3 h - 43 ± 4 i - 89 ± 2 j 
Maximum ethanol titre:  a,b; c,d - differ significantly (p < 0.001) as determined by Tukey test (n = 8); e,f - differ significantly (p < 0.01) as determined by Tukey test (n 
= 4) 
Yeast viability:  g,h; i,j -  differ significantly (p <0.05) as determined by 
Tukey test (n=2) 
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Rapid fermentations and high final ethanol titres are highly desired by the ethanol industry. 
Ethanol concentrations as high as the maximum of 18.6 ± 0.5% (v/v) obtained in this work 
with the strain PE-2 have only rarely been reported in the literature. Moreover, the 
corresponding productivity of 2.4 ± 0.1 g/Lh and ethanol yield of 93 ± 5% (Table 2.6) are 
very interesting for batch VHG fermentation. To our knowledge, the highest ethanol titres 
(20.6 – 23.8%, v/v) were obtained in fermentations of VHG wheat mashes at temperatures 
not higher than 27 ºC (Jones and Ingledew 1994; Thomas et al. 1993; Thomas and 
Ingledew 1992). However, at 30 ºC the ethanol titre decreased to about 18% with a 
productivity of ca. 2.6 g/L/h, using supplementation with urea (0.96 g/L) (Jones and 
Ingledew 1994). Alfenore et al. (2002) reported a final ethanol titre of 19% (v/v) and a 
productivity of 3.3 g/Lh, but these authors have used an aerated (0.2 vvm) glucose fed-
batch process with an exponential vitamin feeding strategy. Most recently, Seo et al. 
(2009) reported an ethanol concentration of 160 g/L (i.e. 20.3%, v/v) with an overall 
productivity of ca. 2.0 g/Lh, obtained in a glucose fed-batch process with 0.13 vvm 
aeration. 
Although our optimization process was conducted with a laboratory strain, similar 
enhancement of VHG fermentation was observed with an industrial strain, suggesting that 
OM can be useful to test and compare the fermentative capacity of different strains. In fact, 
there is a lack of suitable media to test yeast strain performance under VHG conditions, 
since standard laboratory media that have been designed for cultivation with much lower 
sugar concentrations are nutrient-limited for VHG fermentations. The OM described here 
is based on low-cost substrates and is adequate to test the limits of yeasts in terms of sugar 
consumption and ethanol production. 
Our results show that the screening and optimization methodologies described here were 
effective not only in lowering the amount of CSL needed (44.3 g/L CSL in OM) to sustain 
fast and complete VHG fermentation, but also in significantly improving the kinetics of 
VHG fermentations, permitting to reach higher final ethanol titres and productivities. 
 
2.4. Conclusions 
A response surface methodology was successfully employed to optimize a VHG 
fermentation medium based in CSL and other low-cost nutrients for the efficient 
production of ethanol from glucose by S. cerevisiae. Using the optimized medium 
composition (g/L: CSL 44.3, urea 2.3, MgSO4·7H2O 3.8 and CuSO4·5H2O 0.03), industrial 
strain PE-2 was able to ferment up to 330 g/L glucose and produce 18.6% (v/v) ethanol, 
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with a batch productivity of 2.4 g/Lh and an ethanol yield of 93%. The screening and 
optimization methodologies described here represent valuable tools for the development of 
cost-effective industrial fermentation media. 
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CHAPTER 3 
Selection of Saccharomyces cerevisiae strains for 
efficient very high gravity bioethanol fermentation 
processes 
 
Abstract 
 
An optimized very high gravity (VHG) glucose medium supplemented with low cost 
nutrient sources was used to evaluate bioethanol production by 11 Saccharomyces 
cerevisiae strains. The industrial strains PE-2 and CA1185 exhibited the best overall 
fermentation performance, producing an ethanol titre of 19.2 % (v/v) corresponding to a 
batch productivity of 2.5 g/Lh, while the best laboratory strain (CEN.PK 113-7D) 
produced 17.5 % (v/v) ethanol with a productivity of 1.7 g/Lh. The results presented here 
emphasize the biodiversity found within S. cerevisiae species and that naturally adapted 
strains, such as PE-2 and CA1185, are likely to play a key role in facilitating the transition 
from laboratory technological breakthroughs to industrial-scale bioethanol fermentations. 
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3.1. Introduction 
The application of Very High Gravity (VHG) fermentation technology, i.e. the use of 
highly concentrated sugar substrates, for the industrial production of bioethanol has a 
number of benefits, including: decreased process water requirements and energy costs, 
increased overall plant productivity and higher ethanol concentrations in the fermentation 
product that allow considerable savings in energy for distillation (Wang et al. 2007). 
Although many microorganisms have been exploited for ethanol production, 
Saccharomyces cerevisiae strains are the most widely used in large-scale industrial 
bioethanol fermentation, namely due to their ability to ferment a wide range of sugars and 
develop appropriate mechanisms to deal with the harmful stress conditions found in VHG 
processes (Bai et al. 2008). Nevertheless, within S. cerevisiae species a wide variety of 
characteristics is observed, in particular between the so-called industrial and laboratory 
strains. 
The fermentation processes under harsh industrial environmental conditions, especially 
using VHG media, require industrial strains (Silva-Filho et al. 2005). These strains rapidly 
respond to the stress conditions by adjusting their metabolic activities and become adapted 
over a long time in their specific environment (Zhao and Bai 2009). Genetically, these are 
usually polyploid, aneuploid, or even alloploid and genetic manipulations, although 
feasible, are rather complex and seldom reported in literature (Hansen and Kielland-Brandt 
1996). In contrast, the laboratory strains are often haploid or diploid, well documented, and 
easily manipulated by using modern molecular biology and metabolic engineering tools 
(Albers and Larsson 2009). Although attractive in this respect, the performance of 
laboratory strains is generally weak under the very harsh conditions found in VHG 
industrial fermentations.  
Spontaneous fermentation of high sugar juice is the main step in traditional “cachaça” 
(typical Brazilian distilled beverage) production and that is usually carried out by a mixed 
culture of yeasts, with predominance of S. cerevisiae strains physiologically adapted to the 
harsh environmental conditions (Schwan et al. 2001). Some strains of S. cerevisiae isolated 
from Brazilian sugarcane-to-ethanol distilleries showed high tolerance to ethanol and 
combined high fermentation efficiency with prolonged persistence in the fermentation 
system. In recent years, such strains have been widely adopted by the industry (Basso et al. 
2008) and one of the most successful examples is the PE-2 wild isolate currently used by ~ 
30 % of Brazilian distilleries, generating ~ 10 % of the world’s bioethanol supply (Argueso 
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et al. 2009).  
The aim of this work was to evaluate and compare the performance of laboratory and 
industrial strains under VHG batch fermentation conditions, in order to select the strain(s) 
that allow obtaining the highest ethanol titre and productivity.  
 
3.2. Materials and Methods 
3.2.1. Yeasts 
The S. cerevisiae strains used included eight industrial strains: three isolated from 
Brazilian bioethanol production plants – PE-2, CAT-1, VR-1 (Basso et al. 2008) – and five 
belonging to the UFLA collection (Federal University of Lavras, Brazil) isolated from 
“cachaça” fermentation processes – CA11, CA1162, CA1185, CA1187, CA155 (Table 
3.1). The S. cerevisiae laboratory strains (routinely used in yeast research laboratories) 
included haploid S288C, haploid CEN.PK 113-7D and diploid CEN.PK 122 (Table 3.1). 
Stock cultures were maintained on YPD [1 % (w/v) yeast extract, 2 % (w/v) bacto-peptone 
and 2 % (w/v) glucose] agar plates at 4 ºC. 
 
3.2.2. Media and Fermentations 
The fermentation tests were performed in a previously optimized VHG medium (Pereira et 
al. 2010a) consisting of (g/L) 280-350 glucose, 44.3 corn steep liquor (CSL), 2.3 urea, 3.8 
MgSO4·7H2O and 0.03 CuSO4·5H2O. Glucose syrup and CSL were kindly provided by a 
starch manufacturer (COPAM, Portugal) and autoclaved separately (121 ºC, 20 min). After 
autoclaving, the whole CSL was allowed to settle for 1 – 2 days at 4 ºC and then 
centrifuged (15 min at 13100 x g) to remove the insolubles. The main composition of the 
CSL used has been previously reported (Pereira et al. 2010a). The nutrients concentrated 
stock solutions were sterilized by filtration and then added aseptically. Before inoculating 
the fermentation flasks the medium was aerated by stirring with a magnet (>850 rpm 
during 20 min), reaching >95% of air saturation.
 
The yeast for inoculation was grown in Erlenmeyer flasks filled with medium containing 
(g/L) 50 glucose, 20 peptone and 10 yeast extract. After incubation at 30 ºC and 150 rpm 
for 18 – 22 h (OD600 of 7 – 7.5), the cell suspension was aseptically collected by 
centrifugation  (10 min at 7500 x g, 4 ºC) and ressuspended in 0.9 % (w/v) NaCl to a 
concentration of 200 mg fresh yeast/mL. Then, the yeast cells were pitched at about 
1.3x10
8
 cells/mL into 40 mL of culture medium to start the fermentation.  
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Fermentations were done in 100 mL Erlenmeyer flasks fitted with perforated rubber 
stoppers enclosing glycerol-locks (to permit CO2 exhaustion while avoiding the entrance of 
air) and incubated at 30 ºC with 150 rpm orbital agitation. The initial pH was adjusted to 
5.5 with NaOH. The final pH was > 3.9 in all fermentations. The fermentation evolution 
was monitored by mass loss and samples for analyses were taken just at the ending point.  
 
Table 3.1 - S. cerevisiae strains used in this study. 
Strain Available from Reference/Source 
CEN.PK 113-7D EUROSCARFa collection van Dijken et al. 2000 
CEN.PK 122 EUROSCARFa collection van Dijken et al. 2000 
S288C ATCCb collection (n.º 26108) Mortimer and Johnston 1986 
PE-2 LNFc Basso et al. 2008 
VR-1 LNFc Basso et al. 2008 
CAT-1 LNFc Basso et al. 2008 
CA11 LNFc R. Schwan 
CA1162 UFLAd collection R. Schwan 
CA1185 UFLAd collection R. Schwan 
CA1187 UFLAd collection R. Schwan 
CA155 UFLAd collection R. Schwan 
aEuropean Saccharomyces cerevisiae Archive for Functional Analysis (euroscarf@em.uni-frankfurt.de) 
bAmerican Type Culture Collection (www.atcc.org) 
cLNF Latino Americana, Brazil (lnf@lnf.com.br) 
dFederal University of Lavras, Brazil (rschwan@dbi.ufla.br) 
 
3.2.3. Analytical procedures 
Cell dry weight was determined using 20 mL samples of the yeast culture collected by 
centrifugation (10 min at 7500 x g, 4 ºC) in a pre-weighed dried tube and then washed with 
20 mL of distilled water. The tube was dried overnight at 105 ºC and weighed again. 
Glucose, ethanol and glycerol were analyzed by HPLC, using a Varian MetaCarb 87H 
column eluted at 60 ºC with 0.005 M H2SO4 at a flow rate of 0.7 mL/min, and a refractive-
index detector.  
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3.2.4. Determination of fermentation parameters 
Ethanol conversion yield was calculated by the ratio between the maximum ethanol 
concentration produced and the glucose consumed (difference between the initial and 
residual glucose concentrations).  It was expressed as a percentage (%) of the theoretical 
conversion yield, i.e. the yield considering a production of 0.511 g of ethanol per g of 
glucose. Ethanol productivity was defined as the ratio between final ethanol concentration 
and total fermentation time (fermentation was considered to be complete when the weight 
of the flasks stabilized).  
 
3.3. Results and discussion 
An optimized VHG medium (280-350 g/L glucose) supplemented with low-cost nutrients 
was used to evaluate the fermentation performance of 3 standard laboratory strains and 8 
industrial strains, 3 isolated from bioethanol distilleries and 5 from “cachaça” 
fermentations in Brazil.  
Figure 3.1 shows the CO2 production (mass loss) profiles for the 11 strains tested. These 
profiles permit the evaluation of fermentation evolution since under the oxygen-limiting 
conditions used in this study, the patterns of CO2 and ethanol production are closely 
related, because most CO2 originates from the fermentative pathway. The fermentation 
parameters determined at the end of the fermentations are shown in Figure 3.2.  
Among the laboratory strains, CEN.PK 113-7D presented the best fermentation 
performance, producing 17.5 % (v/v) ethanol in less than 80 h. The behavior of the diploid 
version CEN.PK 122 was similar, with fermentation being slightly slower (Figure 3.1A). 
Fermentation by strain S288C was much slower, taking over 120 h to reach completion, 
but the final ethanol titre reached was only slightly lower (Figure 3.2A). The 3 strains were 
able to completely consume initial glucose concentrations close to 300 g/L (Figure 3.2C), 
with ethanol yields over 90 % of the theoretical (Figure 3.2B). However, when the initial 
glucose concentration was raised to about 330 g/L, fermentation by strain CEN.PK 113-7D 
was slower and stopped with 36 g/L of residual glucose (data not shown). Hence, this 
increase in the initial glucose concentration resulted in a decrease in the fermentation rate 
and, consequently, in the overall ethanol productivity (which dropped to 1.5 g/Lh), 
probably due to the increased osmotic pressure (higher content of sugar) in the beginning 
of the fermentation.  
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The industrial strains were tested with higher glucose concentrations (ca. 330 g/L) (Figure 
3.2C). Among the strains isolated from bioethanol distilleries, strains PE-2 and VR-1 
showed identical CO2 production profiles, with fermentation reaching completion in less 
than 80 h, while strain CAT-1 was slower (Figure 3.1B). The 3 strains consumed nearly all 
glucose (residual < 1 g/L) (Figure 3.2C) but PE-2 produced a higher final ethanol titre (19 
% v/v) (Figure 3.2A) and consequently presented a better ethanol yield (90 % of 
theoretical) (Figure 3.2B). 
Among the strains isolated from “cachaça” environments, CA1185 and CA1187 showed 
similar CO2 production profiles, with fermentation reaching completion in less than 80 h 
(Figure 3.1C), in agreement with the results obtained for strain PE-2 and VR-1 (Figure 
3.1B). Fermentation by strain CA155 was slower but reached identical final CO2 
production, with total glucose consumption. These 3 strains produced over 18 % (v/v) 
ethanol (Figure 3.2A), with conversion yields over 85 % of theoretical (Figure 3.2B). 
Fermentation by strain CA1162 was slower (Figure 3.1C), producing 17 % (v/v) ethanol 
but leaving a glucose residual of 13 g/L (Figure 3.2). Strain CA11 showed the slowest 
fermentation amongst the industrial strains, with fermentation being incomplete even after 
140 h (Figure 3.1C; Figure 3.2C).  
These results indicate that there is heterogeneity among these natural yeast isolates in their 
ability to ferment VHG glucose medium and in their response to stress conditions. 
Accordingly, using different molecular techniques Pataro et al. (2000) observed high 
molecular diversity of the prevalent S. cerevisiae strains in “cachaça” production, which 
was attributed to a succession of indigenous strains that occur throughout the “cachaça” 
fermentation season and among different seasons. 
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Figure 3.1 - Profiles of CO2 production obtained in VHG fermentations: (A) ca. 300 g/L glucose by 
laboratory strains; (B) ca. 330 g/L glucose by industrial strains isolated from bioethanol distilleries; (C) ca. 
330 g/L glucose by industrial yeast strains isolated from “cachaça” fermentation. 
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In order to investigate the maximum ethanol titres that could be produced, strains PE-2, 
CA1185 and CA1187 were tested in fermentations with 350 g/L glucose (data not shown). 
These strains fermented nearly all the glucose (residual < 4 g/L), reaching ethanol titres of 
19.2 ± 0.3, 19.2 ± 0.0 and 18.1 ± 0.0 % (v/v), respectively. Strains PE-2 and CA1185 
showed the higher ethanol productivity (2.5 g/Lh), which was lower in the case of CA1187 
(1.8 g/Lh).  
Laboratory strains showed a final biomass concentration around 7-8 g/L, which was lower 
than that obtained with industrial strains (8-11 g/L) (Figure 3.2D). This higher growth of 
industrial strains on VHG conditions can be related to its origin, since these strains were 
isolated from stressful environments and were physiologically adapted to media with high 
osmotic pressure and ethanol stress (Basso et al. 2008). 
There were no considerable differences in glycerol biosynthesis by the laboratory strains 
with a concentration around 8 g/L being obtained at the end of the fermentations, 
corresponding to 5-6 % of the final ethanol concentration (Figure 3.2D). Interestingly, the 
industrial strains produced proportionately more glycerol, which accumulated to 8-10 % of 
the final ethanol concentration (Figure 3.2D). This increase in glycerol levels may 
contribute to counteract the effect of increasing osmotic pressure, promoting a protective 
effect on yeast cells (Kaino and Takagi 2008).  
Increasing ethanol concentration at the end of fermentation (by applying high content of 
substrate) can significantly save the energy consumption in the downstream processes 
(Zhao and Bai 2009). Nevertheless, the osmotic pressure and ethanol inhibition developed 
under VHG conditions frequently result in incomplete or stuck fermentations with 
consequent losses in productivity and raw material. However, our results showed that 
robust strains isolated from stressful industrial environments, such as PE-2 and CA1185, 
were able to consume over 330 g/L glucose and produce high ethanol titres (up to 19 %) 
with high ethanol batch productivity (> 2.3 g/Lh). The results suggest that these strains are 
more prepared to cope with VHG fermentation stresses, namely high ethanol 
concentrations and osmotic pressure, comparing to standard laboratory yeast strains. 
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Figure 3.2 - VHG fermentations with laboratory and industrial S. cerevisiae strains: (A) final ethanol concentration (dark columns) and ethanol productivity (white 
columns); (B) ethanol yield; (C) initial glucose concentration (dark columns) and final glucose concentration (white columns); (D) final biomass concentration (dark 
columns) and final glycerol concentration (white columns). Error bars represent the range between independent biological duplicates, except for the PE-2 and CA1185 
data for which the error bars represent the standard deviation of 4 independent biological replicates. 
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These industrial yeasts must sense and rapidly adapt to the adverse factors found in their 
natural environment, adjusting their physiology and metabolic activities to avoid 
substantial viability loss in the culture. Silva-Filho et al. (2005) concluded by PCR-
fingerprinting of yeast samples from fuel ethanol fermentations that indigenous strains 
could be more adapted to the industrial process than commercial ones. Probably, during 
yeast cell recycling, selective pressure (an adaptive evolution) is imposed on yeast 
population, leading to strains with higher tolerance to the stressful conditions of the 
industrial fermentation. The results of the present study show that the great biodiversity 
found in distillery environments can be an important source of robust stress-tolerant strains 
for biotechnological fermentation processes. These robust strains also constitute interesting 
hosts to be used in improvement programs through metabolic engineering. 
Ethanol concentrations above 18 % (v/v), as obtained with strains PE-2, CA1185, CA1187 
and CA155 (Figure 3.2A), are rarely reported in the literature. Additionally, the ethanol 
productivities attained (> 2.3 g/Lh) are very interesting for batch VHG fermentation. To 
our knowledge, the highest ethanol titres (20.6 – 23.8 % v/v) have been reported in 
fermentations of VHG wheat mashes at temperatures not higher than 27 ºC (see Jones and 
Ingledew 1994 and references therein). In Brazil 70-80 % of the distilleries producing 
bioethanol from sugarcane employ a fed-batch process with high yeast cell concentrations 
and high fermentation temperature (above 30 ºC) achieving fermentation times of only 6-
10 h and final ethanol concentrations up to 11 % (v/v) (Brethauer and Wyman 2009). 
Intensification of the fermentation process could lead to higher ethanol titres, which would 
be beneficial for process economics due to energy savings in the distillation process. In 
fact, in the United States, some corn-to-ethanol distilleries are already obtaining 
fermentation products with 16-18 % (v/v) ethanol (Shapouri and Gallagher 2005). 
 
3.4. Conclusions 
The application of VHG fermentation for fuel ethanol production can improve the final 
ethanol concentration and save significantly energy consumption. Our results highlight 
industrial distillery environments as a remarkable source of robust yeast strains for 
biotechnological fermentation processes. The industrial strains PE-2 and CA1185 
exhibited the best overall fermentation performance, efficiently fermenting 330-350 g/L 
glucose producing over 19 % (v/v) ethanol with a batch productivity up to 2.5 g/Lh. 
Among the laboratory strains, the haploid CEN.PK 113-7D presented the best VHG 
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fermentation efficiency, consuming 300 g/L glucose with a production of 17.5 % (v/v) 
ethanol, corresponding to a productivity of 1.7 g/Lh. These results are of practical 
importance for the selection of suitable yeast strains for the development of highly efficient 
industrial VHG bioethanol fermentation systems. 
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CHAPTER 4 
Robust industrial Saccharomyces cerevisiae strains for 
very high gravity bioethanol fermentations   
 
Abstract 
 
The application and physiological background of two industrial Saccharomyces cerevisiae 
strains, isolated from harsh industrial environments, were studied in Very High Gravity 
(VHG) bioethanol fermentations. VHG laboratory fermentations, mimicking industrially 
relevant conditions, were performed with PE-2 and CA1185 industrial strains and the 
CEN.PK113-7D laboratory strain. The industrial isolates produced remarkable high 
ethanol titres (>19%, v/v) and accumulated an increased content of sterols (2 to 5-fold), 
glycogen (2 to 4-fold) and trehalose (1.1-fold), relatively to laboratory strain. For 
laboratory and industrial strains, a sharp decrease in the viability and trehalose 
concentration was observed above 90 g/L and 140 g/L ethanol, respectively. PE-2 and 
CA1185 industrial strains presented important physiological differences relatively to 
CEN.PK113-7D strain and showed to be more prepared to cope with VHG stresses. The 
identification of a critical ethanol concentration above which viability and trehalose 
concentration decrease significantly is of great importance to guide VHG process 
engineering strategies. This study contributes to the improvement of VHG processes by 
identifying yeast isolates and gathering yeast physiological information during the 
intensified fermentation process, which, besides elucidating important differences between 
these industrial and laboratory strains, can drive further process optimization. 
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4.1. Introduction 
VHG processes are very attractive and promising for bioethanol production allowing 
significant improvements in the overall productivity thus minimizing the production costs 
due to energy savings (Zhao and Bai 2009). The use of VHG technology imposes 
increased stressful conditions to the yeast cells, which have been associated with the loss 
of yeast viability during VHG fermentation, reduced fermentation rates and incomplete 
fermentations (Piddocke et al. 2009). Thus, the successful implementation of VHG 
technology in bioethanol production requires the development of yeast strains that 
efficiently ferment high sugar concentrations (>250 g/L) (Bai et al. 2008). Such strains 
must be resistant to the multiple stresses found in the process, including the osmotic stress 
that results from the high sugar concentrations, the ethanol stress at the end of 
fermentation, the anaerobic conditions established in the large-scale bioreactors and the 
cell recycling procedures for utilization of the yeast biomass for several consecutive 
fermentation cycles (Mussatto et al. 2010). 
The microflora of traditional and industrial fermentation processes constitutes a potential 
source of microbial natural isolates that exhibit at least some of the desired physiological 
characteristics for VHG processes. Specifically, stress-tolerant yeasts can be found in 
alcoholic fermentation processes, such as the “cachaça” (typical Brazilian distilled 
beverage obtained from sugarcane) fermentation and bioethanol production plants in Brazil 
(Basso et al. 2008, Pereira et al. 2010b). In these harsh environments, the yeast is subjected 
to several stresses. At the start-up of fermentation when the diluted sugar cane juice is 
added to the natural ferment, yeast cells undergo osmotic stress due to the high 
concentration of sugars in the sugar cane juice (around 16 ºBrix). Various other stresses 
such as heat, ethanol shock and/or starvation are common conditions in “cachaça” (and 
bioethanol) fermentation vats and often these stress conditions overlap (Vianna et al. 
2008). 
In contrast to the large amount of knowledge about the stress response, genetic and 
physiological background of standard laboratory strains (Hansen and Kielland-Brandt 
1996, van Dijken et al. 2000), very few studies provide data about stress resistance and 
protective mechanisms of indigenous strains isolated from traditional or industrial 
fermentations. Although, these isolates are potential candidates to overcome the stressful 
conditions imposed to yeast cells by VHG stress conditions and thus to drive this 
technology further, the use and characterization of these isolates in VHG fermentations has 
not been reported. Therefore, it is extremely relevant to understand how these industrial 
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yeast cells adapt to environmental stress conditions and elucidate the physiological bases 
for its application in VHG fermentation processes. 
In a previous study, we evaluated the fermentation performance of 8 strains isolated from 
distillery environments in Brazil under VHG conditions (Pereira et al. 2010b). The strains 
that exhibited the higher ethanol titre and productivity were PE-2 and CA1185. The strain 
PE-2 is used by about 30% of sugarcane-to-ethanol distilleries in Brazil, generating about 
10% of the world’s bioethanol supply (Argueso et al. 2009), and characteristics of its 
genome have been reported in recent studies (Argueso et al. 2009, Stambuk et al. 2009). In 
this study, we investigated in detail the kinetics of glucose fermentation by industrial 
strains PE-2 and CA1185 in VHG laboratory fermentations mimicking industrially 
relevant conditions, i.e. high sugar and ethanol concentrations, high inoculation rates and 
low oxygen availability. Moreover, relevant physiological parameters (viability; 
intracellular concentrations of trehalose, glycogen, sterols and glycerol) were measured 
throughout the different batch fermentation stages with the aim of identifying traits that 
contribute to the high robustness and fermentation performance of these industrial strains 
in VHG stress conditions. The haploid laboratory strain CEN.PK113-7D, which showed 
better fermentation performance than its diploid counterpart CEN.PK122 and than haploid 
S288C (Pereira et al. 2010b), was used as reference.  
 
4.2. Materials and Methods 
4.2.1. Yeasts 
The two industrial S. cerevisiae strains used were strain PE-2, which was isolated from a 
sugarcane-to-ethanol distillery in Brazil (Basso et al. 2008), and strain CA1185, which was 
isolated from a “cachaça” distillery also in Brazil. These strains were selected based on 
their high fermentation performance under VHG conditions (Pereira et al. 2010b). The 
haploid strain CEN.PK113-7D (10) was included as a laboratory reference strain. Stock 
cultures were maintained on YPD [1% (w/v) yeast extract, 2% (w/v) bacto peptone and 2% 
(w/v) glucose] agar plates at 4ºC. 
 
4.2.2. Media and Fermentations 
Fermentations were performed in a VHG medium previously optimized (Pereira et al. 
2010a) consisting of (g/L) 335-343 glucose, 44.3 corn steep liquor (CSL), 2.3 urea, 3.8 
MgSO4·7H2O and 0.03 CuSO4·5H2O. The CSL was kindly provided by a starch 
CHAPTER 4 
Francisco B. Pereira  57  Universidade do Minho, 2014 
manufacturer (COPAM, Portugal) and its handling in the laboratory as well as its main 
composition have been previously reported (Pereira et al. 2010a). The pH of the medium 
was adjusted to 5.5 with NaOH 1 mol/L. The medium was aerated by stirring with a 
magnetic bar (length of 3 cm) at >850 rpm for 20 min before inoculating the fermentation 
flasks, with the oxygen concentration reaching >95% of air saturation. 
The yeast for inoculation was grown in Erlenmeyer flasks filled to 40% of the total volume 
with medium containing 50 g/L glucose, 20 g/L peptone and 10 g/L yeast extract. After 
incubation at 30 ºC and 150 rpm for 18 – 22 h (OD600 of 7 – 7.5), the cell suspension was 
aseptically harvested by centrifugation  (10 min at 4800g, 4 ºC) and resuspended in ice-
cold 0.9% (w/v) NaCl to a concentration of 200 mg fresh yeast (FY)/ml. This concentrated 
cell suspension was then used to inoculate 40 ml of fermentation medium with about 1x10
8
 
cells/mL. Fermentations were done in 100 ml Erlenmeyer flasks fitted with perforated 
rubber stoppers enclosing glycerol-filled air-locks (to permit CO2 exhaustion while 
avoiding the entrance of air) and incubated at 30 ºC with 150 rpm orbital agitation. 
For each strain, fourteen replicate fermentations were initiated and two of those flasks 
were stopped at each time-point (0.5, 12, 24, 48, 72, 84 and 96 h) for analytical 
characterization. The progress of fermentation was followed by mass loss (resulting from 
CO2 production). At each time-point, the standard deviation between replicates was less 
than 2% of the average value for the CO2 production. 
 
4.2.3. Analytical procedures 
Fresh and dry yeast mass were determined using a sample from the fermentation broth (20 
ml) collected by centrifugation (10 min at 4800g, 4 ºC) in a pre-weighed dried tube. The 
supernatant was completely removed and the tube was dried inside and outside and 
weighed to give the fresh yeast (FY) mass. Then, the yeast pellet was washed with 20 ml 
of distilled water, centrifuged, dried overnight at 105 ºC and the tube was weighed again to 
give the dry yeast (DY) mass. The yeast cell viability was determined by the methylene 
blue staining method (Mills 1941). The percentage of viable cells was calculated by the 
ratio between viable (non-stained) and total cell counts. Glucose, glycerol and ethanol 
were analyzed by HPLC using a Varian MetaCarb 87H column eluted at 60 ºC with 0.005 
mol/L H2SO4 at a flow rate of 0.7 mL/min, and a refractive-index detector.  
For microscopic observation, the yeast strains were cultivated in YPD medium at 30 ºC 
and 150 rpm for 18 – 22 h (OD600 of 7 – 7.5). The culture (1.5 ml) was transferred to a 
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micro-centrifuge tube, allowed to sediment, resuspended in 200 μl of 3% (v/v) 
glutaraldehyde and after washed, first in water and subsequently in increasing 
concentrations of ethanol (30%, 70% and 100%, v/v). A small amount of the resulting 
pellet was dried for 3 days in a desiccator and finally covered with gold for visualization in 
a Leica Cambridge S360 scanning electron microscope (SEM). 
For intracellular analyses, yeast cells were harvested from fermentation by centrifugation 
(5 min at 4800g, 4 ºC), washed with ice-cold 0.9% (w/v) NaCl and resuspended in ice-cold 
0.9% NaCl to a concentration of 200 mg FY/ mL. From this yeast suspension, duplicate 
samples were taken for the determination of trehalose and glycerol, glycogen and sterols, 
as follows. For trehalose and glycerol, 0.5 ml samples were boiled in a water bath for 5 
min and stored frozen (-20 ºC). After thawing, the samples were centrifuged (5 min at 
13400g, 4 ºC) and the supernatant was collected to a weighed tube. The precipitate was 
suspended in 0.5 ml of distilled water, centrifuged again and the supernatant was added to 
the first one. The tube was weighed again to give the extract mass. Trehalose and glycerol 
were quantified in this extract by HPLC, using the same conditions as described above for 
the extracellular metabolites. For glycogen, 0.2 ml samples were centrifuged (5 min at 
13400g, 4 ºC), the supernatant was carefully removed and the pellet was stored frozen (-20 
ºC). The following procedures were modified from the method reported by Schulze et al. 
(1995). After thawing the pellets, 0.5 ml of 40 mmol/L C2H3NaO2 pH 4.8 were added and 
the samples were incubated for 10 min in a boiling water bath. Then, cells were 
disintegrated using glass beads (0.5 mm diameter) in a FastPrep Instrument (Q-BIO gene). 
The liquid above and between the beads was collected to a weighed tube with addition of 
0.5 ml of 40 mmol/L C2H3NaO2 pH 4.8; this procedure was repeated three times and the 
supernatants were combined in the same tube. The tube was weighed again to give the 
extract mass. Glycogen content in the extract was determined by enzymatic breakage to 
glucose using a commercial Aspergillus niger amyloglucosidase (10 mg/mL; Roche 
102857). Briefly, 50 μg of enzyme were added to 25 μl of extract and the mixture was 
incubated at 37 ºC for 90 min. Controls were run without the addition of amyloglucosidase. 
A standard Type III glycogen from rabbit liver (10 mg/mL; Sigma G8876) was used to 
check that the enzymatic reaction was working properly. After the enzyme treatment, 970 
μl of 50 mmol/L HEPES buffer pH 8.0 were added, the mixtures were centrifuged at 
13400g for 5 min and the glucose in the supernatants was determined by HPLC. For 
sterols, 0.5 ml samples were centrifuged (10 min at 4800g, 0 ºC) and the supernatant was 
completely removed. The tubes were then subjected to a clean nitrogen flow to expel air 
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from the headspace and stored at -80 ºC. Sterols were extracted from yeast as follows. 
Samples (100 mg FY) were incubated at 80 ºC for 90 min with 5 ml alkaline aqueous 
ethanol (3.6 mol/L KOH in 80% v/v ethanol) in screw-cap tubes. After cooling to room 
temperature, 5 ml of MilliQ water and 5 ml of pentane were added and the tubes were 
shaken for 10 min. Then, the upper pentane layer was collected and evaporated to dryness 
under a flow of nitrogen (10 min). The resulting sterol extracts were stored at -20 ºC under 
nitrogen. Prior to analysis, N-butanol (1 ml) was added to dissolve the solid. Sterols 
quantification was performed by the spectrophotometric assay using filipin complex 
(Sigma F9765), as described by Rowe et al. (1991). The final concentrations of 
intracellular metabolites were normalized to yeast dry mass (considering that the dry yeast 
corresponds to 30% of the fresh yeast mass). Deviations (ranges) between technical 
duplicates (duplicate samples from the same yeast suspension) were determined to be 
lower than 10% of the average value for the analyses of all intracellular metabolites. 
 
4.2.4. Determination of fermentation parameters 
Ethanol conversion yield was calculated by the ratio between the maximum ethanol 
concentration produced and the glucose consumed (difference between the initial and 
residual glucose concentrations).  It was expressed as a percentage (%) of the theoretical 
conversion yield, i.e. the yield considering a production of 0.511 g of ethanol per g of 
glucose. Ethanol productivity was defined as the ratio between final ethanol concentration 
and total fermentation time (fermentation was considered to be complete when the weight 
of the flasks stabilized). Specific rates of ethanol production (g ethanol/g FYh) were 
calculated from the change in ethanol concentration and the average FY concentration for 
each sampling interval. Biomass conversion yield was calculated as the ratio between final 
biomass (DY) concentration and the glucose consumed. 
 
4.3. Results 
4.3.1. Fermentation kinetics and physiological parameters 
The fermentation kinetics and relevant physiological parameters of industrial strains PE-2 
and CA1185 and laboratory strain CEN.PK 113-7D were determined in VHG batch 
fermentations (335-343 g/L glucose).  
Figure 4.1 shows the time-course of the concentrations of the main extracellular 
metabolites (glucose, ethanol, CO2 and glycerol), yeast biomass (fresh yeast mass and cell 
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number), yeast viability and pH of the fermenting broth for the three strains. The industrial 
strains converted the glucose to ethanol much faster than the laboratory strain (Figure 
4.1A). Moreover, the industrial strains fermented nearly all of the glucose (residual <3 g/L) 
producing over 19% (v/v) ethanol, while the laboratory strain left a residual of ca. 90 g/L 
of glucose unfermented after 96 h, and consequently produced only 14% (v/v) ethanol 
(Figure 4.1A; Table 4.1). Nevertheless, the glucose to ethanol conversion yield was 
identical for the three strains (Table 4.1). Expectedly, under the oxygen-limiting conditions 
used in this study, which resemble the typical anaerobic conditions established in alcoholic 
fermentation processes in large vessels, the ethanol and CO2 production profiles were quite 
similar (Figure 4.1A and B). 
Yeast growth was monitored along the fermentation by determining the concentration of 
fresh yeast (wet weight) and by cell counting (Figure 4.1C and 4.1D, respectively). Yeast 
dry weight was also determined at the end of fermentations (Table 4.1). The profiles show 
that yeast growth occurred mainly during the initial 24 h, after which growth stopped or 
increased only slightly until 48 h (Figure 4.1 C and 4.1D). The number of cells was similar 
for the three strains, increasing from ca. 1x10
8
 cells/mL to ca. 4x10
8
 cells/mL on the 
stationary phase (after 24 h) (Figure 4.1D), which corresponds to an average of two 
divisions per cell. In contrast, the fresh yeast concentration was much higher (up to 2-fold 
higher at 24 h) for the two industrial strains than for CEN.PK113-7D (Figure 4.1C), which 
was substantiated by the dry yeast concentration measurements at the end of fermentations 
(Table 4.1).  
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Figure 4.1 - Evolution of the main parameters during VHG fermentations with CEN.PK113-7D (circles), PE-2 (squares) and CA1185 (triangles) S. cerevisiae strains: (A) 
ethanol and glucose concentrations; (B) CO2 concentration and cell viability; (C) fresh yeast mass and glycerol concentrations; (D) cell counts and pH. Solid symbols and 
full lines correspond to the parameters represented in the primary axis (ethanol, CO2, fresh yeast and cell counts) while open symbols and dotted lines relate to the 
secondary axis (glucose, viability, glycerol and pH). Error bars indicate the ranges between independent biological duplicates. 
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These observations indicate that the cells of the industrial strains grew to higher sizes 
compared to the laboratory strain CEN.PK113-7D, which was supported by microscope 
measurements (Figure 4.2). The reduction observed in the fresh yeast concentration after 
48 h (Figure 4.1C) was probably due to viability loss by a large fraction of the cells (see 
below) and associated cell lysis.  
The two industrial strains suffered a marked viability drop upon inoculation in VHG 
medium from over 85% (before inoculation, represented at -5 h in Figure 4.1B) to 50-65% 
(0.5 h in Figure 4.1B), most likely due to the strong osmotic shock. Nevertheless, the 
viability recovered to about 90% at 12 h and kept above 85% until 48 h. Then, viability 
sharply dropped to 13-17% at 72 h and to less than 1% at 96 h (Figure 4.1B). The strain 
CEN.PK113-7D resisted better to the osmotic shock and upon inoculation there was only a 
slight and progressive viability loss (from 99% before inoculation to 89% at 0.5 h and to 
83% at 12 h). Then, viability increased to over 90% at 24-48 h, progressively dropping 
afterwards (Figure 4.1B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 - Microscopic observation of cell size and morphology of: (A) laboratory CEN.PK113-7D strain. 
Bar=10 μm; (B) industrial PE-2 strain. Bar=10 μm; (C) industrial CA1185 strain. Bar=10 μm. 
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Table 4.1 - Kinetic parameters of laboratory (CEN.PK113-7D) and industrial (PE-2 and CA1185) S. 
cerevisiae strains in VHG fermentations. Values are average±range of independent biological duplicates. 
 
 Si (g/L) Pf (g/L) Sf  (g/L) Gf (g/L) Xf  (g/L) YX/S Y (%) q (g/Lh) 
CEN.PK 
113-7D 
335 112 ± 0 89.8 ± 1.5 10.4 ± 0.1 6.5 ± 0.5 0.027 ± 0.002 89 ± 1 1.31 ± 0.00 
PE-2 343 151 ± 3 0.0 ± 0.0 11.3 ± 0.3 11.0 ± 0.5 0.032 ± 0.001 86 ± 2 2.51 ± 0.05 
CA1185 338 152 ± 0 2.9 ± 0.0 11.6 ± 0.0 9.1 ± 0.0 0.027 ± 0.000 89 ± 0 2.53 ± 0.00 
* Si initial glucose concentration. Pf, final ethanol concentration. Sf, final residual glucose concentration. Gf, final glycerol 
concentration. Xf, final biomass (dry weight) concentration. Yx/s, biomass yield, g biomass g glucose 
-1. Y, ethanol yield, % of the 
theoretical. q, ethanol productivity 
 
In all cases, the pH profile declined from around 5.5 at the start of the fermentation to a 
minimum of 4.1 (PE-2 and CA1185) and 4.3 (CEN.PK113-7D) at 12-24 h of fermentation. 
Until the end of fermentation, pH increased to 4.5, 5.0 and 5.3 in CEN.PK113-7D, 
CA1185 and PE-2 fermentations, respectively (Figure 4.1D). 
The specific rates of ethanol production were maximal during yeast growth, markedly 
decreasing during the uncoupling phase (Figure 4.3). Moreover, the specific rates of 
ethanol production were similar for the industrial and the laboratory strains (Figure 4.3), 
which indicated that faster fermentation by the industrial strains resulted from higher 
accumulation of yeast biomass. Comparing to laboratory strain CEN.PK113-7D, this 
higher biomass accumulation was the result of cell mass increase rather than yeast 
division, since the cell counts were identical for the three strains although fresh yeast mass 
was higher (up to 2-fold) for the industrial strains relatively to CEN.PK113-7D (Figure 
4.1). The specific rates of glucose consumption followed essentially the same trends as 
ethanol production (data not shown). 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 - Evolution of the specific rates of ethanol production throughout VHG fermentations with 
CEN.PK113-7D (circles), PE-2 (squares) and CA1185 (triangles) S. cerevisiae strains. 
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In Figure 4.4 the viability values are plotted against the ethanol concentrations (Figure 
4.4A) or the specific ethanol production rates (Figure 4.4B). Viability drop was associated 
with ethanol concentrations (Figure 4.4A). For the two industrial strains, viability 
remained >85% up to 140 g/L ethanol, sharply declining at higher ethanol concentration. 
In the case of laboratory strain CEN.PK113-7D, the viability decline occurred at much 
lower critical ethanol concentration (85-100 g/L ethanol), highlighting the robustness of 
the industrial isolates for intensified fermentation processes. Moreover, the sharp drop in 
viability observed for the three strains coincided with the strong deceleration in 
fermentation (specific ethanol production rates <0.04 g ethanol/g FY /h) that occurred after 
48 h of fermentation (Figure 4.4B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 - Yeast viability as a function of (A) ethanol concentration or (B) specific rates of ethanol 
production during VHG fermentations with CEN.PK113-7D (circles), PE-2 (squares) and CA1185 (triangles) 
S. cerevisiae strains. 
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4.3.2. Intracellular metabolites dynamics 
Many studies have reported the role of relevant metabolites as indicators of the yeast’s 
physiological state in response to osmotic and ethanol stresses, which are the main stress 
barriers to yeast fermentation performance in VHG media (Devantier et al. 2005; Cot et al. 
2007; Kaino and Takagi, 2008). Through the fermentation process, the changes in 
compounds such as, trehalose, glycogen, sterols and intracellular glycerol may constitute 
different adaptation mechanisms, which allow the yeast cells to cope with fermentation-
related stresses.  
Trehalose and glycogen constitute carbon and energy reserves of the yeast cell and their 
levels suffer large variations in response to different environmental changes (Schulze et al. 
1995; Francois and Parrou, 2001). In exponentially growing cells, trehalose and/or 
glycogen reserves increase upon exposure to a variety of stress conditions (e.g. nutrient 
deprivation, high temperature, high ethanol or weak organic acids concentrations). Hence, 
these carbohydrates are considered typical hallmarks of rapid adaptations of yeast cells to 
environmental changing condition (Francois and Parrou, 2001). Sterols are essential lipid 
components of eukaryotic membranes and have been shown to be responsible for a number 
of important physical characteristics of membranes, particularly as important regulators of 
membrane permeability and fluidity. Although other membrane lipids also play a role in 
defining these properties, eukaryotic cells are unable to maintain viability without sterol 
(Daum et al. 1998). Moreover, the intracellular accumulation of glycerol is known to play 
an essential role as a compatible solute to counteract the hyperosmotic stress (Kaino and 
Takagi, 2008). 
So, to characterize the effect of stressful VHG fermentation conditions on the different 
yeast strains, the levels of relevant intracellular metabolites (trehalose, glycogen, sterols 
and glycerol) were studied throughout the fermentation process (Figure 4.5). Remarkable 
increases (>16-fold) were seen in the intracellular trehalose concentrations of the three 
strains from 12 to 24 h (Figure 4.5A). The highest intracellular concentrations of trehalose 
were observed at the point in which fermentations were nearly complete (48 h for the 
industrial strains and 72 h for CEN.PK113-7D). These maximum intracellular trehalose 
levels were slightly higher (1.1-fold) in the industrial strains relatively to the laboratory 
strain. After this point, which coincided with the highest levels of ethanol stress and the 
following sharp drop in viability, the concentrations of trehalose measured decreased 
drastically, possibly because of cell lysis and because trehalose (a small soluble molecule) 
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may leak from cells with fragile/compromised membranes (Figure 4.5A). This decrease in 
the trehalose levels could also be at least partly explained by the use of trehalose as reserve 
energy source to resist and minimize the damaging stress conditions at the end of VHG 
fermentation (high ethanol levels and depletion of essential nutrients for yeast 
maintenance). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 - Levels of intracellular metabolites in the course of VHG fermentations with CEN. PK113-7D 
(circles), PE-2 (squares) and CA1185 (triangles) S. cerevisiae strains: (A) trehalose (solid symbols) and 
sterols (open symbols); (B) glycogen (solid symbols) and glycerol (open symbols). Error bars indicate the 
ranges between independent biological duplicates. The levels of intracellular metabolites measured in the 
yeast suspensions used to inoculate the fermentations are represented at −5 h. 
 
As shown in Figure 4.5B, glycogen began to accumulate from 12 h of fermentation, with a 
sharp increase after the onset of the stationary phase (24-48 h). Unlike trehalose, glycogen 
continuously accumulated even when the yeast cell viability significantly dropped. This is 
probably due to the fact that glycogen is a hardly soluble polymer that cannot easily escape 
from the yeast cells. PE-2 and CA1185 industrial strains accumulated more glycogen than 
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CEN.PK 113-7D laboratory strain. The highest difference was observed at 48 h when 
glycogen levels were 2.6-fold higher in PE-2 and 4.2-fold higher in CA1185 as compared 
to CEN.PK113-7D (Figure 4.5B). In the laboratory strain, a mobilization of glycogen 
occurred during the initial 12 h of fermentation (levels decreased over 4-fold, from about 
40 to 9 mg glycogen/g DY) (Figure 4.5B). Conversely, in the industrial strains the initial 
levels of glycogen were much lower (2-5 mg/g DY) and no mobilization of glycogen was 
observed during the initial phase of fermentation (Figure 4.5B). 
The accumulation of intracellular glycerol along the fermentations was also represented in 
Figure 4.5B. In the yeast suspensions used for inoculation (represented at -5 h), the 
intracellular glycerol levels were similar for laboratory strain CEN.PK113-7D (6 mg/g 
DY) and for the industrial yeasts (4-5 mg/g DY). Interestingly, after 0.5 h of fermentation 
the intracellular glycerol concentration strongly increased (3.6-fold) in CEN.PK113-D, 
while the corresponding increases in the industrial strains were much lower (1.4 to 1.7-
fold). After 12 h, the intracellular glycerol levels were maximal (34-42 mg/g DY) for the 
three strains. After this point, intracellular glycerol concentrations dropped, coincidently 
with sugar consumption and consequent osmotic stress release.  
In the yeast suspensions used to inoculate the fermentations, the total sterols content of the 
industrial yeasts was about 6-fold higher than that of the laboratory strain (Figure 4.5A). 
Under this study’s conditions, the yeast strains initiated the production of sterols 
immediately following inoculation. During the initial 0.5 h, the sterols contents increased 
2.9-fold in the laboratory strain and 1.5 to 1.6-fold in the industrial strains. At 0.5 h of 
fermentation, PE-2 and CA1185 industrial strains reached a maximum accumulation of 53 
and 50 mg sterols/g DY respectively, which was around 3-fold higher than produced by the 
laboratory CEN.PK113-7D strain (15 mg sterols/g DY) (Figure 4.5A). From that point on, 
the sterols content strongly decreased to about 8-12 mg/g DY for PE-2 and CA1185 strains 
and to ca. 3 mg/g DY for CEN.PK 113-7D strain (Figure 4.5A) maintaining around these 
values until the end of fermentations. 
It is noteworthy that in VHG fermentations the intracellular levels of trehalose, glycogen, 
glycerol and sterols in the diploid strain CEN.PK122 (data not shown) were identical to 
those in the haploid strain CEN.PK113-7D. This indicates that the higher accumulation of 
these metabolites in industrial strains PE-2 (which is diploid, (Argueso et al. 2009)) and 
CA1185 (whose ploidy is unknown) was not a result of their ploidy. 
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4.4. Discussion 
Two industrial strains isolated from distilleries in Brazil were for the first time applied and 
physiologically characterized under VHG batch fermentations, being able to produce very 
high levels of ethanol (above 19%, v/v) with quite high productivity (>2.5 g/Lh). 
Interestingly, the fermentations were characterized by a long production phase uncoupled 
to yeast growth (after 24 h, when yeast growth essentially stopped) during which more 
than half of the ethanol was produced (Figure 4.1). Similar uncoupling phase was seen in 
fermentations with laboratory strain CEN.PK113-7D, although the onset of this phase 
occurred at much lower ethanol concentration (45 g/L for CEN.PK113-7D against 70-75 
g/L for the industrial yeasts) (Figure 4.1). Such observations are in agreement with 
previously reported results for a fed-batch aerated fermentation system with the diploid 
laboratory strain CBS8066 (Cot et al. 2007; Benbadis et al. 2009). In such process, 
metabolic changes known to take place in glucose-grown stationary phase yeast cells were 
observed, although these changes were not triggered by nutrient or oxygen depletion. 
Therefore, it was hypothesized that the onset of this “stationary-like” phase was a result of 
high ethanol level simulating a condition of nutrient limitation due to inhibition of uptake 
of carbon, nitrogen and phosphate (Benbadis et al. 2009). Interestingly, our results 
emphasize that this uncoupling phase is critical for the production of very high 
concentrations of ethanol under typical industrial conditions, and it is not a specific feature 
of the fed-batch aerated fermentation process. In brewing fermentations growth arrest is 
generally accepted to be the result of nutrient limitations, in particular because oxygen is 
no longer available to synthesize the sterols and unsaturated fatty acids needed to make 
new membranes (David and Kirsop, 1973). Similarly, under our conditions, oxygen-
limitation could explain the onset of the uncoupling phase. Upon inoculation into air-
saturated VHG medium, yeasts started synthesizing sterols. Then, at a first stage of 
fermentation process, anaerobic conditions were probably established in the fermentation 
flasks, with the exhaustion of oxygen preventing the biosynthesis of new sterols. 
Consequently, from that point on, the pool of sterols had to be divided between mother and 
daughter cells, which eventually led to growth arrest. The same rational could be applied to 
unsaturated fatty acids (whose levels were not measured in this work). 
The three strains responded to the osmotic shock upon inoculation into VHG medium by 
increasing the intracellular levels of glycerol. However, the increase was higher in 
CEN.PK113-7D cells contributing to their survival (viability of 89%), while a large 
fraction of the industrial strains cells lost viability within 0.5 h. This indicated a higher 
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capacity of the laboratory strain to cope with hyperosmotic shock, which probably resulted 
from this rapid accumulation of intracellular glycerol (Figure 4.5B) that acts as a 
chemically inert osmolyte counteracting the hyperosmotic pressure (Hohmann 2002; Kaino 
and Takagi, 2008). Nevertheless, it is conceivable that the drop in viability upon exposure 
to osmotic shock may represent an adaptive advantage of the industrial yeasts studied. 
These yeasts are cropped at the end of each fermentation batch and reused to inoculate a 
subsequent batch with very high cell density; in many Brazilian distilleries this biomass 
recycling procedure spans the entire 8 months sugarcane harvesting season (Mussatto et al. 
2010). Therefore, these yeasts are periodically subjected to high osmotic shock following 
inoculation in fresh sugarcane juice. The death of a hyperosmotic sensitive sub-population 
upon re-inoculation in high-sugar medium could release micro-nutrients to sustain fast 
growth of the hyperosmotic resistant cells, which would rapidly take over the culture. This 
is consistent with our observation that viability of the industrial strains was restored at 12 h 
(Figure 4.1B), which was accompanied by notable accumulation of intracellular glycerol 
(Figure 4.5B). 
Our results indicate a clear link between the viability drop and the ethanol concentration 
(Figure 4.4A) and it was possible to identify a different critical ethanol concentration 
above which viability decreases for the laboratory and industrial strains (Figure 4.4A). For 
the two industrial strains, viability remained >85% up to 140 g/L ethanol, sharply 
declining at higher ethanol concentration. In the case of strain CEN.PK113-7D, the 
viability decline occurred at much lower critical ethanol concentration (85-100 g/L
 
ethanol), confirming lower ethanol resistance for the laboratory strain. These results 
emphasize that the response mechanisms involved in ethanol stress tolerance are strain 
dependent, highlighting the higher robustness of industrial isolates. Moreover, as pointed 
by Guimarães and Londesborough (2008), these results emphasize the importance of 
harvesting the yeast for recycling to subsequent fermentations as soon as fermentation 
stops in order to avoid severe drop in viability. So, to implement a VHG repeated-batch 
system using these industrial isolates, the critical ethanol concentration above which 
viability and trehalose concentration decrease drastically is 140 g/L, meaning that yeasts 
should be re-pitched before reaching this value.  
There was a drastic drop in viability towards the end of fermentations for the three strains, 
which coincided with the strong deceleration in fermentation that occurred after 48 h 
(specific ethanol production rates<0.04 g ethanol/g FYh) (Figure 4.4B), which is in 
agreement with the results obtained by Guimarães and Londesborough (2008). These 
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authors observed that viability collapsed as fermentation decelerated, probably as a result 
of critical ATP decreases. Therefore, below certain critical ethanol production rates (under 
present work’s conditions ca. 0.04 g ethanol/g FYh) the production of ATP become too 
low to support the demand of maintenance reactions those are necessary to keep the yeast 
cells viable. This maintenance ATP demand probably augments during the late stages of 
fermentation as the ethanol stress upsurges. So, interestingly, there is an association 
between viability decreases with low ethanol production rates (deceleration of 
fermentation process) and this phenomenon, as we can see in Figure 4.4B, is strain 
independent.  
Comparatively to laboratory CEN.PK113-7D strain, the industrial strains showed increased 
accumulation of the reserve carbohydrates trehalose and glycogen (Figure 4.5). Devantier 
et al. (2005) found that trehalose levels were 15 to 25-fold higher in VHG fermentations 
comparatively to standard medium with 20 g/L glucose. This is in line with the very high 
levels of trehalose accumulation observed during this work’s fermentations (Figure 4.5A). 
Nevertheless, the peak levels of intracellular trehalose in the industrial strains were only 
slightly higher (1.1-fold) relatively to the laboratory strain. Conversely, glycogen 
accumulation was markedly higher (2 to 4-fold higher peak levels) in the industrial strains 
than in the laboratory strain (Figure 4.5B). Dake et al. (2010) (reported that increasing 
ethanol concentrations (from 2 to 8% v/v) in the culture medium resulted in increasing 
levels of the two pools of glycogen in yeast cells (i.e. cytoplasmic water-soluble glycogen 
and cell-wall-bound insoluble glycogen), suggesting that there is a correlation between 
accumulation of glycogen and yeast’s adaptation to ethanol. Our results indicate a similar 
correlation in the course of VHG fermentations, with the glycogen levels increasing in a 
similar manner for the three strains up to about 100 g/L (Figure 4.5). In contrast to the 
laboratory strain, the industrial strains were able to continue producing ethanol over 140 
g/L with concurrent increases in glycogen (Figure 4.6). It is nonetheless noteworthy that 
strain CA1185 accumulated considerably more glycogen than strain PE-2 (Figures 4.5B 
and 4.6), although their ethanol production kinetics were very similar. Taken together, our 
results suggest that increased accumulation of trehalose and especially glycogen possibly 
provide an adaptive advantage to the industrial strains under the harsh conditions typical of 
the fermentation systems from which these were isolated (in which some of the main 
stresses are common to VHG fermentations).  
 
CHAPTER 4 
Francisco B. Pereira  71  Universidade do Minho, 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6  -Intracellular glycogen levels as a function of ethanol concentration during VHG fermentations 
with CEN.PK113-7D (circles) (data from 12 to 72 h of fermentation), PE-2 (squares) and CA1185 (triangles) 
(data from 12 to 48 h of fermentation) S. cerevisiae strains. 
 
The industrial strains PE-2 and CA1185 exhibited increased sterol levels (2 to 5-fold 
during fermentation) relatively to laboratory CEN.PK113-7D strain (Figure 4.5A). This 
ability to accumulate higher sterol levels is likely to be another important adaptation of the 
industrial strains to cope with VHG fermentation stresses. It is particularly important under 
oxygen-limiting conditions since oxygen is needed for sterol biosynthesis. Possibly, the 
industrial yeasts were able to channel a higher fraction of the limited amount of oxygen 
available at the beginning of fermentation to synthesize essential lipids, including sterols.  
In conclusion, our results show that these industrial isolates PE-2 and CA1185 have an 
outstanding performance in VHG fermentation, producing remarkable high ethanol titres 
(>19%, v/v) with quite high productivity (>2.5 g/Lh), and reveal their robust physiological 
background under these intensified fermentation conditions. Under VHG conditions, these 
isolates were characterized by improved accumulation of trehalose, glycogen and sterols, 
relatively to laboratory strain, which can be related with enhanced stress tolerance and 
fermentative performance. Interestingly, we have observed that the sharp drop in viability 
and trehalose concentration coincided with the strong deceleration in fermentation for both 
laboratory and industrial strains. Nevertheless, the critical ethanol concentration, above 
which this happens, was significantly higher for industrial isolates (140 g/L). 
The robustness of these industrial isolates as well as the detailed physiological information 
gathered in this study will potentiate VHG technology applications. 
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CHAPTER 5 
Cell recycling during repeated very high gravity 
bioethanol fermentations using the industrial 
Saccharomyces cerevisiae strain PE-2 
 
Abstract 
A very high gravity (VHG) repeated-batch fermentation system using the industrial strain 
Saccharomyces cerevisiae PE-2 (isolated from sugarcane-to-ethanol distillery in Brazil) 
and mimicking industrially relevant conditions (high inoculation rates and low oxygen 
availability) was successfully operated during fifteen consecutive fermentation cycles, 
attaining a final ethanol concentration of 17.1±0.2% (v/v) with a batch productivity of 
3.51±0.04 g/Lh. Moreover, this innovative operational strategy (biomass refreshing step) 
prevented critical decreases on yeast viability levels and promoted high accumulation of 
intracellular glycerol and trehalose, which can provide an adaptive advantage to yeast cells 
under harsh industrial environments.  This study contributes to the improvement of VHG 
fermentation processes by exploring an innovative operational strategy that allows 
attaining very high ethanol titres without a critical decrease of the viability level thus 
minimizing the production costs due to energy savings during the distillation process. 
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5.1. Introduction 
The application of process engineering strategies for the development of high productivity 
fermentation systems is now considered a key issue in the bioethanol industry. An 
economically relevant factor associated with industrial bioethanol production is reaching 
high ethanol titres (thus obtaining significant savings in energy consumption during the 
distillation process) over a succession of short fermentation cycles, in which yeast cells at 
the end of a batch cycle are reused as inoculum for the next cycle (hence increasing cell 
density in the fermenters while reducing the costs associated with fresh yeast biomass 
propagation). The so-called repeated-batch fermentation systems with reuse of the yeast 
cells has already been investigated and reported in the literature, including in beer 
fermentations (Verbelen et al. 2009a). The maintenance of a high fraction of viable yeast 
cells throughout the fermentation cycles is a prerequisite to carry out a long-lasting 
succession of fermentation cycles (Bai et al. 2008; Laluce et al. 2009). For the production 
of high levels of ethanol from fermentable sugars, a promising system consists in 
combining very high gravity (VHG) technology with repeated-batch operation using 
biomass recycling. Such system requires a robust strain able to efficiently convert the 
sugars to ethanol at high speed (high ethanol yield and productivity) with high tolerance to 
osmotic stress, ethanol and other inhibitors (either formed during raw-materials pre-
treatments or produced during fermentation). 
The sugarcane-to-ethanol fermentation processes implemented in Brazil use very high cell 
densities to ferment broths (cane juice and/or diluted molasses) containing up to 150-200 
g/L of total sugar (mainly sucrose), producing final ethanol concentrations of 8-11% (v/v) 
with high productivities (each fermentation cycle lasts 6-11 h) (Wheals et al. 1999). A few 
highly tolerant and productive yeast strains were isolated from sugarcane-to-ethanol 
distilleries showing high tolerance to ethanol and combining high fermentation efficiency 
with prolonged persistence in the fermentation system. In recent years, such strains have 
been widely adopted by the industry (Stambuk et al. 2009). One of the most successful 
examples is the PE-2 wild isolate, which is currently used by about 30% of Brazilian 
distilleries, generating ca. 10% of the world’s bioethanol supply (Argueso et al. 2009). 
In a previous study, we evaluated the fermentation performance of 8 strains isolated from 
distillery environments in Brazil under VHG batch conditions. PE-2 and CA1185 isolates 
were selected based on their higher ethanol titre and productivity (Pereira et al. 2010b). To 
gather detailed yeast physiological information of PE-2 and CA1185 isolates in VHG 
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conditions, relevant physiological parameters were measured throughout the different 
batch fermentation stages and the results reveal their robust physiological background 
under these intensified fermentation conditions (improved accumulation of trehalose, 
glycogen and sterols relatively to CEN.PK 113-7D laboratory strain) (Pereira et al. 2011). 
Moreover, a critical ethanol concentration (140 g/L) above which viability and trehalose 
concentration decrease significantly was identified (Pereira et al. 2011). This physiological 
parameter guides the implementation of VHG repeated-batch system and sustains its 
optimization. 
In a well-established bioethanol production process, several strategies can be used for 
further process improvement including to find the optimal balance between final ethanol 
concentration, initial glucose content, fermentation time, biomass recycling and yeast cell 
viability. Those parameters strongly influence the economical benefits of industrial 
bioethanol production plants. Hence, the aim of this work was to evaluate and optimize the 
performance of the Saccharomyces cerevisiae PE-2 industrial isolate in a repeated-batch 
fermentation system with cell recycling under VHG conditions. Moreover, we aimed at 
devising an operational strategy that permitted attaining very high ethanol titres without 
resulting in a critical decrease of yeast viability levels. 
 
5.2. Materials and Methods 
5.2.1. Yeast 
The yeast used was Saccharomyces cerevisiae strain PE-2, which was isolated from a 
sugarcane-to-ethanol distillery in Brazil (Basso et al. 2008). This strain was previously 
selected for its high fermentation performance under VHG conditions (Pereira et al. 
2010b). Stock cultures were maintained on YPD [1% (w/v) yeast extract, 2% (w/v) bacto 
peptone and 2% (w/v) glucose] agar plates at 4ºC. 
 
5.2.2. Media and fermentations 
Fermentations were performed in a previously optimized VHG medium (Pereira et al. 
2010a) consisting of 313-400 g/L glucose, 44.3 g/L corn steep liquor (CSL), 2.3 g/L urea, 
3.8 g/L MgSO4·7H2O
 
and 0.03 g/L CuSO4·5H2O. The CSL was kindly provided by a 
starch manufacturer (COPAM, Portugal) and its handling in the laboratory as well as its 
main composition have been previously reported (Pereira et al. 2010a). The pH of the 
medium was adjusted to 5.5 with 1 M NaOH. The medium was aerated by stirring with a 
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magnetic bar (length of 3 cm) at >850 rpm during 20 min before transferring to 
fermentation flasks, with the oxygen concentration reaching > 95% of air saturation. 
The yeast for inoculation was grown in Erlenmeyer flasks filled to 40% of the total volume 
with medium containing 50 g/L glucose, 20 g/L peptone
 
and 10 g/L yeast extract. After 
incubation at 30ºC and 150 rpm for 22 – 24 h (OD600 of 7 – 7.5), the cell suspension was 
aseptically harvested by centrifugation  (10 min at 4800 x g, 4ºC) and resuspended in ice-
cold 0.9% (w/v) NaCl to 200 mg fresh yeast (FY) / mL. This concentrated cell suspension 
was then used to inoculate 40 ml of fermentation medium with about 1x10
8 
cells/mL
 
(unless otherwise stated) to start the fermentation. 
Fermentations were conducted in 100 ml Erlenmeyer flasks fitted with perforated rubber 
stoppers enclosing glycerol-filled air-locks (to permit CO2 exhaustion while avoiding the 
entrance of air) and incubated at 30ºC (or 27ºC where stated) with 150 rpm orbital 
agitation.  
The progress of fermentation was followed by mass loss (resulting from CO2 production), 
and samples for analyses were taken just at the ending point. At each time-point, the 
standard deviation between the independent biological replicates (n=2) was less than 2% of 
the average value for the CO2 production. 
 
5.2.3. Repeated-batch operation 
For repeated-batch operation, the first fermentation cycle was initiated with the inoculation 
of 11 mg FY/mL (approximately 1x10
8
 cells/mL) into 40 ml of fermentation medium. At 
the end of the first cycle, the accumulated yeast biomass was totally recycled to inoculate 
the second cycle. Briefly, cells were separated from the fermentation broth by 
centrifugation (10 min at 4800 x g, 4ºC) and the cell pellet was resuspended in 40 ml of 
fresh and aerated medium. This cell suspension was transferred to a fermentation flask to 
initiate the second cycle. This procedure was repeated for biomass recycling in the 
following cycles, as long as final yeast viability remained >50%. When the viability at the 
end of a fermentation cycle dropped below 50%, only a fraction of the biomass (ca. 11 mg 
FY/mL) was recycled to the following cycle.  
 
5.2.4. Analytical methods 
Determination of yeast concentration and viability 
For fresh and dry yeast mass determinations, a sample of the fermentation (20 mL) was 
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centrifuged for 10 min at 4800 x g (4ºC) in a pre-weighed dried tube. The supernatant was 
completely removed and the tube was dried inside and outside and weighed again to give 
the fresh yeast (FY) mass. Then, the yeast pellet was washed with 20 ml of distilled water, 
centrifuged, dried overnight at 105ºC and the tube was finally weighed again to give the 
dry yeast (DY) mass. 
Total and viable cell counts were determined with an optical microscopic using a Neubauer 
improved counting chamber. The yeast cell viability was determined by the methylene blue 
staining method (Mills 1941). The percentage of viable cells was calculated by the ratio 
between viable (non-stained) and total cell counts.  
 
Extracellular metabolites – glucose, glycerol and ethanol 
Fermentation samples were centrifuged (10 min at 4800 x g, 4ºC) and the supernatants 
were used for the quantification of extracellular metabolites. Glucose, glycerol and ethanol 
were analyzed by HPLC using a Varian MetaCarb 87H column eluted at 60ºC with 0.005 
M H2SO4 at a flow rate of 0.7 mL/min, and a refractive-index detector.  
 
Intracellular metabolites - trehalose and glycerol 
Yeast cells were collected from fermentation medium by centrifugation (5 min at 4800 x g, 
4ºC), washed with ice-cold 0.9% (w/v) NaCl and resuspended in ice-cold 0.9% NaCl to a 
concentration of 200 mg FY/mL. Samples (100 mg FY) from this yeast suspension were 
boiled in a water bath for 5 min and stored frozen (-20ºC). After thawing, the samples were 
centrifuged (5 min at 13400 x g, 4ºC) and the supernatant was collected to a weighed tube. 
The precipitate was suspended in 0.5 ml of distilled water, centrifuged again and the 
supernatant was added to the first one. The tube was weighed again to give the extract 
mass. Trehalose and glycerol were quantified in this extract by HPLC (Ferreira et al. 1997) 
using the same conditions described above for the extracellular metabolites. The final 
concentrations of intracellular trehalose and glycerol were normalized to yeast dry mass. 
Deviations (ranges) between technical duplicates (duplicate samples from the same yeast 
suspension) were determined to be lower than 7% of the average value for the analyses of 
trehalose and glycerol. 
 
5.2.5. Determination of fermentation parameters 
Ethanol conversion yield was calculated by the ratio between the final ethanol 
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concentration and the glucose consumed (difference between the initial and residual 
glucose concentrations). It was expressed as a percentage (%) of the theoretical conversion 
yield, i.e. the yield considering a production of 0.511 g of ethanol per g of glucose. Ethanol 
productivity was defined as the ratio between final ethanol concentration and total 
fermentation time (fermentation was considered to be complete when the weight of the 
flasks stabilized). Biomass yield was calculated as the ratio between final biomass (DY) 
concentration and the glucose consumed. 
 
5.3. Results and discussion 
5.3.1. Impact of initial glucose levels and temperature on the fermentation 
performance 
It is well established that the ethanol tolerance of yeast is negatively affected by increasing 
the temperature of fermentation (Casey and Ingledew 1986). Thomas et al. (1993) tested 
the fermentation of VHG wheat mashes at 20, 25, 30 and 35ºC and found that 
fermentations were complete at 20 and 25ºC whilst becoming sluggish and incomplete at 
30 and 35ºC. At 20ºC, the maximum ethanol titre produced was 23.8% (v/v) with yeast 
extract supplementation, dropping to 18% (v/v) at 30ºC (Thomas et al. 1993). Hence, 
lowering the fermentation temperature can be exploited as a process engineering strategy 
to alleviate the ethanol inhibition and improve the fermentation performance under VHG 
conditions. 
In order to optimize the process conditions for repeated-batch experiment, the impact of 
temperature and initial glucose levels on PE-2 fermentation performance was studied. 
Therefore, fermentations with very-high glucose levels (> 360 g/L) at 27 and 30ºC (Table 
5.1) were performed to test whether the S. cerevisiae PE-2 strain could attain higher 
ethanol titres than previously reported at 30ºC (Pereira et al. 2011). In fermentations with 
364 g/L glucose at 27 and 30ºC the yeast cells fermented most of the glucose (residual of 6 
and 35 g/L, respectively), reaching ethanol titres of 21.6% and 19.3% (v/v), respectively 
(Table 5.1). Thus, as expected, decreasing the fermentation temperature to 27ºC resulted in 
increased glucose consumption and final ethanol titre, although batch ethanol productivity 
decreased by 22% (Table 5.1). Moreover, strain PE-2 showed quite high osmotic stress 
tolerance, growing in and fermenting VHG medium with 400 g/L glucose. However, the 
VHG fermentations were incomplete, leaving a residual of 60 and 80 g/L glucose and 
attaining 20.1% and 18.2% (/v/v) ethanol at 27 and 30ºC, respectively (Table 5.1).  
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Table 5.1 - The effect of temperature and initial glucose concentration on fermentation performance and final 
ethanol titre attained by PE-2 industrial strain. Values are average ± range of independent biological 
duplicates. 
 Si (g/L) Pt (%, v/v) Sf  (g/L) Xf  (g/L) YX/S (gbiomass/gglucose) Y (%) q (g/Lh) 
30 ºC 
    343 a 19.1 ± 0.4 0.0 ± 0.0 11.0 ± 0.5 0.032 ± 0.001 86 ± 2 2.51 ± 0.05 
364 19.3 ± 0.2  35.5 ± 0.2  10.8 ± 0.1  0.033 ± 0.000  91 ± 1  1.60 ± 0.02  
400 18.2 ± 0.2 80.4 ± 0.5 8.4 ± 0.1 0.026 ± 0.000 88 ± 1 1.51 ± 0.02 
27 ºC 
364 21.6 ± 0.3 6.2 ± 0.1 10.2 ± 0.0 0.028 ± 0.000 93 ± 1 1.31 ± 0.02 
400 20.1 ± 0.2 59.9 ± 1.7 9.1 ± 0.1 0.027 ± 0.000 91 ± 1 1.27 ± 0.01 
a Kinetic parameters of PE-2 strain in VHG fermentation using the same process conditions (Pereira et al. 2011) 
Si initial glucose concentration, Pt final ethanol titre,  Sf final residual glucose concentration,  Xf final biomass (dry 
weight) concentration, Yx/s biomass yield, Y ethanol yield, % of the theoretical, q ethanol productivity 
 
Our results (see Table 5.1) showed that increasing the initial glucose concentration from 
343 to 364 g/L and decreasing the temperature from 30 to 27ºC represents a considerable 
improvement in the final ethanol concentration (from 19.1 to 21.6%, v/v) and ethanol 
yields (86 to 93%) whereas the batch ethanol productivity was significantly lowered (2.51 
to 1.31 g/Lh). Hence, fermenting at 30ºC with an initial concentration around 340 g/L 
glucose arises as the most efficient and economic option for attaining VHG fermentation 
completion (all glucose consumed), high batch productivities and very high ethanol levels 
at the end of the process. Such very high ethanol titres allow significantly reduced costs in 
the distillation process, which remains as one of the main constraints in the industrial 
production of bioethanol. Moreover, the use of higher fermentation temperature (30ºC 
instead of 27ºC) also allows energy savings through a reduction in cooling costs associated 
to fermentation vessels over-heating, principally in regions/seasons of high ambient 
temperature.  
 
5.3.2. Repeated-batch system for VHG bioethanol fermentations using PE-2 
strain 
Influence of cell density on CO2 productivity in consecutive VHG batch fermentations 
The influence of cell density (inoculum concentration) on CO2 productivity was studied in 
VHG batch fermentations (Figure 5.1). The batch CO2 productivity increased with 
increasing inoculum concentration (Figure 5.1). The use of very high cell densities (85 and 
167 mg FY/mL) resulted in high CO2 productivities (ca. 6 g/Lh) through 3 consecutive 
batch fermentations. However, severe decreases in fermentation productivity were 
observed along the consecutive batches. Specifically, in fermentations inoculated with 85 
and 167 mg FY/mL the batch CO2 productivity in the third batch was 21% and 66% lower 
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relatively to the first batch, respectively (Figure 5.1). These impaired productivities 
correlated with sharp drops in yeast cell viability. Particularly, in the fermentations 
inoculated with 167 mg FY/mL the yeast viability declined from 80% (beginning of the 
first batch) to 20% (final of the third batch). Possibly, this drastic decrease on viability 
levels was a result of the absence of yeast growth during the sequential batch fermentations 
and of the high ethanol concentration (15-16%, v/v) attained in these VHG processes. 
 
 
 
 
 
 
 
 
 
Figure 5.1  - Correlation between pitching rate (inoculum concentration) and CO2 batch productivity during 
VHG (313 ± 11 g/L glucose) fermentations by industrial PE-2 strain. The batch CO2 productivity was 
calculated at the point in which a CO2 concentration of 121 ± 4 g/L was reached. Consecutive batch 
fermentations were only conducted for 85 and 167 mg FY/mL pitching rate. Error bars represent the range 
between independent biological duplicates. 
 
An innovative consecutive batch fermentation process for VHG fermentations  
In industry it is common practice to recycle the yeast biomass for several consecutive 
batches in order to reduce the time and cost for inoculum preparation. For instance, in 
brewing the yeast is reused 5 to 20 times depending on the particular brewery (Huuskonen 
et al. 2010). In Brazilian bioethanol distilleries, the yeast is also recycled by centrifugation 
and in many cases the recycling spans the entire 8 months sugarcane harvesting season 
(Basso et al. 2008). Moreover, the use of consecutive batch fermentation processes with 
cell recycling permits the accumulation of high cell densities that can enhance the ethanol 
productivity of the systems (van Hoek et al. 2000). In this perspective, the performance of 
the robust PE-2 strain was evaluated in a repeated-batch VHG fermentation process 
operated for 15 cycles with cell recycling. Therefore, we developed a strategy consisting in 
inoculating the initial batch cycle only with 11 mg FY/mL and recycling the totality of the 
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yeast biomass produced (50-90 mg FY/mL) in the following cycles. However, when the 
cell viability at the end of fermentation was lower than 50%, only a fraction (ca. 11 mg 
FY/mL) of the yeast recovered was used to inoculate the following cycle in order to allow 
yeast growth and viability restoration. 
The kinetic fermentation data and some evaluated yeast’s physiologic parameters during 
the operation of the repeated-batch system for 15 cycles are shown in Table 5.2. All 
fermentations were completed within 29-50 h (exceptions were cycles 6, 7 and 13, which 
were inoculated with 11 mg FY/mL with viability levels < 50%), depending on the 
concentration of biomass recycled (11-89 mg FY/mL), cell viability (27-89%) and initial 
sugar concentration (324-343 g/L glucose). In the first five fermentation cycles almost all 
glucose was consumed (residual < 17 g/L), allowing the production of high ethanol levels 
of 17% (v/v) with ethanol yields of 78-82%. Moreover, the batch ethanol productivity 
ranged from 3.45 to 4.59 g/Lh.  
High viability of yeast biomass is vital for the process to work efficiently. At the end of 
cycle 5, viability dropped to 27% and therefore the next two cycles were inoculated with 
only a fraction of yeast biomass (ca. 11 mg FY/mL), which allowed biomass refreshing 
(yeast growth) and viability restoring to 84% at the end of cycle 8. Then, until the twelfth 
cycle, glucose consumption, ethanol titres (ca. 17%) and productivities (2.74 to 4.72 g/Lh) 
remained quite high. At the end of the twelfth fermentation cycle the cell viability dropped 
to 42%, recovering to 77% after a refreshing cycle (cycle 13). Taken together, the results 
showed that this innovative VHG fermentation system could be operated at least during 
fifteen consecutive batch fermentations with average final ethanol concentrations, ethanol 
yields and batch productivities of 17.1±0.2% (v/v), 80±1% and 3.51±0.04 g/Lh, 
respectively.  
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Table 5.2 - Repeated-batch VHG fermentations with the industrial strain PE-2. 
n tf  (h) 
BiomassInitial (mg 
FY/mL) 
Si (g/L) Sf (g/L) CO2 (g/L) Pf (g/L) Pt (%, v/v) GE (g/L) q (g/Lh) Y (%) X (cells/mL)x10
8 V (%) T (mg/g DY) GI (mg/g DY) 
1 39.1 11 ± 0 324 2.2 ± 0.0 136 ± 4 135 ± 2 17.1 ± 0.2 9.5 ± 0.2 3.45 ± 0.04 82 ± 1 5.4 ± 1.0 89 ± 6 n/d n/d 
2 32.0 57 ± 2 343 16.7 ± 1.8 133 ± 2 131 ± 1 16.6 ± 0.1 13.7 ± 0.7 4.10 ± 0.03 79 ± 1 5.3 ± 0.2 82 ± 6  183.5 ± 15.3 n/d 
3 29.4 70 ± 1 343 3.3 ± 0.2 140 ± 1 135 ± 0 17.1 ± 0.0 14.8 ± 0.1 4.59 ± 0.01 78 ± 0 5.9 ± 0.0 67 ± 5 n/d n/d 
4 30.5 80 ± 0 343 3.6 ± 0.0 140 ± 1 135 ± 0 17.1 ± 0.0 15.6 ± 0.1 4.43 ± 0.00  78 ± 0 4.6 ± 0.2 63 ± 4 160.7 ± 16.0 n/d 
5 38.6 89 ± 1 343 11.0 ± 0.1 132 ± 1 136 ± 6 17.2 ± 0.8 17.9 ± 0.3 3.51 ± 0.16 80 ± 4 7.0 ± 0.7 27 ± 1 93.4 ± 3.2 n/d 
6 65.8 11 ± 0 a 324 23.5 ± 1.9 128 ± 1 125 ± 0 15.9 ± 0.0 n/d 1.91 ± 0.01  82 ± 1 8.2 ± 0.3 49 ± 0 91.0 ± 0.0 n/d 
7 64.3 11 ± 0 a 324 2.2 ± 0.9 137 ± 2 137 ± 1 17.3 ± 0.1 n/d 2.13 ± 0.02 83 ± 1 3.7 ± 0.1 n/d n/d n/d 
8 49.8 42 ± 4 343 2.2 ± 0.2 131 ± 2 136 ± 2 17.3 ± 0.3 12.9 ± 0.2 2.74 ± 0.05 78 ± 1 4.0 ± 0.3 84 ± 1 69.9 ± 7.5 21.5 ± 1.9 
9 29.3 59 ± 1 343 5.2 ± 3.0 137 ± 3 138 ± 3 17.5 ± 0.4 15.7 ± 0.2 4.72 ± 0.12 80 ± 1 5.8 ± 1.5 72 ± 0 60.9 ± 4.9 28.2 ± 0.3 
10 33.8 74 ± 1 343 n/d 136 ± 0 n/d n/d n/d n/d n/d n/d 72 ± 3 47.0 ± 2.4 31.9 ± 0.3 
11 30.7 76 ± 0 343 3.9 ± 1.6 135 ± 0 138 ± 0 17.4 ± 0.0 18.0 ± 0.0 4.49 ± 0.00 79 ± 0 4.8 ± 0.1 66 ± 3 43.5 ± 6.3 30.4 ± 0.0 
12 30.0 88 ± 1 343 9.9 ± 0.2 132 ± 1 134 ± 1 16.9 ± 0.1 17.9 ± 0.1 4.46 ± 0.03 79 ± 0 6.4 ± 0.1 42 ± 1 33.0 ± 0.1 28.5 ± 0.1 
13 63.1 11 ± 0 a 324 1.3 ± 0.0 129 ± 0 136 ± 3 17.2 ± 0.3 13.8 ± 0.0 2.15 ± 0.04 82 ± 2 5.9 ± 0.4 77 ± 5 59.7 ± 3.4 25.3 ± 0.0 
14 32.6 46 ± 2 343 10.8 ± 0.9 132 ± 1 135 ± 1 17.1 ± 0.2 14.9 ± 0.1 4.14 ± 0.04  80 ± 1 3.0 ± 0.2 69 ± 3 56.9 ± 2.6 25.8 ± 0.3 
15 59.7 72 ± 2 343 0.0 ± 0.0 137 ± 2 142 ± 0 18.0 ± 0.1 17.0 ± 0.1 2.38 ± 0.01  81 ± 0 3.9 ± 0.2 0 ± 0 0.0 ± 0.0 31.0 ± 1.1 
Values are average ± standard deviation of 4 biological replicates for the first and second cycle, and average ± range of independent biological duplicates for the remaining cycles. n/d – not determine 
a In batch cycles 6, 7 and 13 only a fraction of the biomass was recycled to the following cycle (about 11 mg FY/mL) 
 n batch number in repeated-batch fermentation, tf fermentation time of each batch, Si initial glucose concentration, Sf final residual glucose concentration,  Pf  final ethanol concentration, Pt final ethanol titre, GE final 
glycerol concentration, q ethanol productivity, Y ethanol yield, % of the theoretical, X final cell number of each batch, V final viability of each batch, T final intracellular trehalose concentration, GI final intracellular glycerol 
concentration 
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In biotechnological processes a promising strategy to improve the volumetric productivity 
is the enhancement of suspended yeast cells in a batch fermentor by increasing the pitching 
rate (Verbelen et al. 2009b). The process strategy devised (cycle for refreshing biomass 
when the yeast viability levels decayed <50%) allowed the successful operation of this 
system during 15 consecutive cycles maintaining yeast viability at reasonable levels. Also, 
in beer repeated-batch fermentations in order to keep the yeast cells viable after recycling 
and, consequently, obtain an optimal fermentation performance another approaches were 
also investigated. The common practice is aeration of the wort before pitching (strategy 
that we also performed in this work), thus providing oxygen for lipid synthesis during the 
first stages of the fermentation (Ohno and Takahashi, 1986). Another process engineering 
strategies to maximize the performance of yeast cells during consecutive batch 
fermentations include the oxygenation (aeration) of cropped yeast slurries (Verbelen et al. 
2009b), the addition of the required lipids to wort (Casey et al. 1983) and the 
supplementation of cropped cells with unsaturated fatty acids (sometimes suggested as an 
alternative to aeration) (Moonjai et al. 2002). 
Under VHG conditions, high substrate concentrations may exert inhibition on yeast cells 
(Cahill et al. 2000). Glycerol is synthesized as a metabolic by-product during alcoholic 
fermentation essentially to maintain the redox balance in yeast cells. Moreover, the 
production and intracellular accumulation of glycerol is known to play an essential role as 
a compatible solute to counteract the hyperosmotic stress (Michnick et al. 1997). In the 
first fermentation cycle, the PE-2 industrial strain produced a concentration of 9.5 g/L 
glycerol with levels progressively increasing to 18 g/L glycerol at the end of the fifth 
cycle; increases on extracellular glycerol also occurred between cycles 8 and 11 (Table 
5.2). The levels of glycerol accumulated intracellularly were also measured at the end of 
cycles 8-15, maintaining around 21-32 mg glycerol/g DY. These values are markedly 
higher than those observed at the end (48 h) of the single batch fermentation using the 
same process conditions (343 g/L glucose; 30ºC, PE-2 strain) (Pereira et al. 2011). In the 
single VHG fermentation, the intracellular glycerol levels were maximal (34-42 mg/g DY) 
at 12 h and after this point sharply dropped attaining a concentration of 6.0 mg/g DY at the 
end of the process (48 h) (Pereira et al. 2011). Possibly, during the repeated recycling 
procedure the yeast adapted to retain higher intracellular glycerol levels to cope with the 
elevated and periodically varying osmotic stress. 
In the initial batch cycles, yeast cells accumulated high content of intracellular trehalose (> 
150 mg trehalose/g DY) (Table 5.2). During the fifth fermentation cycle a drastic loss of 
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cell viability (63 to 27%) was accompanied by a massive decrease of intracellular trehalose 
from 161 to 93 mg/g DY. In the next cycles the intracellular trehalose content decreased 
progressively to 33 mg/g DY (cycle 12). During the thirteenth cycle, the cell viability 
restoration (42 to 77%) was accompanied by an increase from 33 to 60 mg trehalose/g DY. 
The fifteenth fermentation cycle was extended until 60 h attaining a maximum ethanol 
production titre of 18% (v/v). However, a critical decrease on intracellular trehalose 
concentration (0 mg/g DY) and cell viability (0%) was observed. Thus, the loss of cell 
viability along the fermentation cycles seems to be associated with the drop of intracellular 
trehalose content of yeast cells. This decrease in the trehalose levels could be explained by 
the fact this metabolite (a small soluble molecule) may leak from cells with 
fragile/compromised membranes or could be used as reserve energy source to resist and 
minimize the damaging stress conditions at the end of VHG fermentation (high ethanol 
levels and depletion of essential nutrients for yeast maintenance). As a result, intracellular 
trehalose content can be an important parameter of the yeast’s physiological state in VHG 
repeated-batch bioethanol fermentation system, which is in agreement with previous 
reports (Basso et al. 2008; Cot et al. 2009; Pereira et al. 2011). Kaino and Takagi (2008) 
reported that during YPD fermentations yeast cells rapidly increased the glycerol and 
trehalose levels in response to the addition of sorbitol (1 M) or ethanol (9%, v/v), 
respectively. Thus, the increase of glycerol and trehalose levels can act as stress protection 
mechanisms counteracting the hyperosmotic pressure developed during yeast recycling for 
a fresh sugarcane juice and the high ethanol levels at the end of batch cycles. Additionally, 
a global analysis of yeast genes expression has shown that genes involved in glycerol and 
trehalose metabolism are up regulated by osmotic and ethanol stresses, respectively 
(Alexandre et al. 2001). Also, our results suggest that the increased biosynthesis of 
intracellular trehalose and glycerol were a direct response to high ethanol levels and 
osmotic stress developed during yeast recycling to a fresh high-sugar medium, 
respectively. Moreover, high accumulation of these key intracellular metabolites by PE-2 
cells during consecutive VHG fermentations indicates that this strain is prepared to survive 
under this stressful environment (high sugar and ethanol levels) and to attain high 
fermentation performance during the next fermentation cycles.  
As reported by Pereira et al. (2011), the viability of yeasts collapsed abruptly when the 
fermentation process decelerated and thus, harvesting the yeast for recycling to subsequent 
fermentations as soon as fermentation stops is critical to maintain high viability levels 
during the next consecutive batch fermentations. In this previous study, it was concluded 
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that the critical ethanol concentration above which viability and trehalose concentration 
decrease drastically was 17.7% (v/v), meaning that PE-2 cells should be re-pitched before 
reaching this value. This physiological information was of great importance to implement 
this efficient VHG repeated-batch system with biomass recycling during 15 consecutive 
cycles.  
With the increased competition and cost pressure in the bioethanol industry, process 
engineering strategies will be a step forward for a further improvement in the concepts of 
industrial ethanol yield and energy savings. The repeated-batch strategy followed in this 
work, mimicking industrially relevant conditions (high inoculation rates and low oxygen 
availability) and using very-high levels of initial sugar (324-343 g/L), allowed the 
production of an average ethanol concentration of 17.1±0.2% (v/v) with a batch ethanol 
productivity of 3.51±0.04 g/Lh during 15 consecutive fermentation cycles. Hence, this 
stands as an effective repeated-batch process for industrial implementation. 
 
5.4. Conclusions 
An innovative VHG repeated-batch fermentation system using the industrial strain PE-2 
was successfully operated during fifteen consecutive fermentation cycles, attaining a final 
ethanol concentration of 17.1±0.2% (v/v) with a batch ethanol productivity of 3.51±0.04 
g/Lh. Moreover, the yeast biomass refreshing strategy permitted yeast growth to 
maintaining high viability levels, which is crucial for industrial implementation, especially 
considering the fact that the yeast is re-pitched for several fermentation cycles. The 
increased biosynthesis of intracellular glycerol and trehalose by this industrial PE-2 isolate 
may contribute for its improved tolerance to the elevated and periodically varying osmotic 
stress during yeast recycling and the high ethanol levels accumulated at the end of each 
fermentation cycle, respectively. 
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CHAPTER 6 
Identification of candidate genes for yeast engineering to 
improve bioethanol production in Very High Gravity and 
lignocellulosic biomass industrial fermentations 
 
Abstract 
The optimization of industrial bioethanol production will depend on the rational design and 
manipulation of industrial strains to improve their robustness against the many stress factors 
affecting their performance during Very High Gravity (VHG) or lignocellulosic fermentations. 
In this study, a set of Saccharomyces cerevisiae genes found to confer resistance to the 
simultaneous presence of different relevant stresses, through genome-wide screenings, were 
identified as required for maximal fermentation performance under industrial conditions. 
Chemogenomics data were used to identify eight genes whose expression confers simultaneous 
resistance to high concentrations of glucose, acetic acid and ethanol, chemical stresses relevant 
for VHG fermentations; and eleven genes conferring simultaneous resistance to stresses 
relevant during lignocellulosic fermentations. These eleven genes were identified based on two 
different sets: one with five genes granting simultaneous resistance to ethanol, acetic acid and 
furfural, and the other with six genes providing simultaneous resistance to ethanol, acetic acid 
and vanillin. The expression of BUD31 and HPR1 was found to lead to the increase of both 
ethanol yield and fermentation rate, while PHO85, VRP1 and YGL024w expression is required 
for maximal ethanol production in VHG fermentations. Five genes, ERG2, PRS3, RAV1, RPB4 
and VMA8 were found to contribute to the maintenance of cell viability in wheat straw 
hydrolysate and/or for maximal fermentation rate of this substrate.  
The identified genes stand as preferential targets for genetic engineering manipulation in order 
to generate more robust industrial strains, able to cope with the most significant fermentation 
stresses and, thus, to increase ethanol production rate and final ethanol titers. 
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6.1. Introduction 
Fuel ethanol is a renewable and environmentally friendly alternative energy source. Its 
large scale production has increased significantly over the last years and is expected to 
grow even more given the need to reduce the world’s dependence of oil (Smeets et al. 
2007; Balat and Balat 2009; Mussatto et al. 2010). Most of the current processes of 
bioethanol production are based on the use of Very High Gravity (VHG) fermentations in 
which highly concentrated media (sugar-cane molasses, starch or grains) are used as 
substrates (Balat and Balat 2009; Mussatto et al. 2010). The main advantage of VHG 
technology is the production of very high ethanol titres (usually above 15% v/v), 
decreasing the cost of the distillation step, which is considered one of the main constraints 
in the bioethanol industry (Mussatto et al. 2010). In recent years, the interest in the 
production of bioethanol from alternative residues and, in particular, from agricultural 
lignocellulosic residues has gained strength. Besides being largely available, these residues 
do not compete with food resources and are therefore preferable for a sustainable large-
scale production of bioethanol (Margeot et al. 2009; Erdei et al. 2010). To make the 
lignocellulose present in agricultural residues available, raw materials have to be subjected 
to a pre-treatment and hydrolysis during which mostly hemicellulose sugars are released. 
Under the extreme conditions observed in this pre-treatment step some of these sugars are 
converted into toxic inhibitors of microbial growth such as furan derivatives (mostly 
furfural and 5-hydroxymethylfurfural) and several phenolic compounds (e.g.vanillin) 
(Almeida et al. 2007; Heer and Sauer 2008). Other inhibitory products include acetic acid, 
which derives from heavily acetylated polymers and is released during pre-treatment and 
hydrolysis. Acetic acid is frequently the most dominant inhibitor present in plant-biomass 
hydrolysates (van Maris et al. 2006). The current knowledge on the mechanisms 
underlying yeast tolerance to the toxicants present in lignocellulose hydrolysates 
fermentation, based on molecular studies and genome-wide approaches, was recently 
reviewed by Liu (2011).  
The success of lignocellulosic biomass and VHG fermentations is necessarily dependent 
on the ability of the used yeast strains to cope with the different stresses imposed during 
these processes. In biomass-based fermentations, yeast cells, besides having to tolerate the 
presence of the above-referred inhibitors, are also exposed to nutrient starvation and 
absence of oxygen (van Maris et al. 2006). Moreover, the used yeast strains have to remain 
active under conditions that are near optimal for cellulase activity (pH 5, 40-50ºC) and/or 
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secrete cellulase enzymes and co-utilize a variety of sugars at high yields (Geddes et al. 
2011). In VHG fermentations yeast cells are exposed to a high osmotic pressure in the 
beginning of the fermentative process, caused by the high sugar concentrations present at 
that time. Other relevant stresses in VHG fermentations include depletion of some 
nutrients, lack of oxygen and the accumulation in the growth medium of high 
concentrations of ethanol that, together with the elevated levels of other toxic fermentation 
byproducts, becomes lethal for the fermenting yeast cells (Gibson et al. 2007; Wang et al. 
2007; Mira et al. 2010c; Teixeira et al. 2011). The development of yeast strains innately 
more tolerant to stresses relevant for VHG and/or for biomass fermentations will 
necessarily improve the performance of these processes and contribute for the development 
of the bioethanol industry.  
In this work, an integrative approach was undertaken, aiming the identification of genes 
required for simultaneous yeast resistance to a high number of fermentation-related 
stresses. The yeast genes described in large-scale phenotypic analysis as being required for 
maximal yeast tolerance to ethanol (Teixeira et al. 2009), high glucose concentrations (as 
those found in industrial growth media) (Teixeira et al. 2010), acetic acid (Mira et al. 
2010b), vanillin (Endo et al. 2008) and furfural (Gorsich et al. 2006) were compared. A set 
of genes conferring resistance to high concentrations of glucose, acetic acid and ethanol, 
stresses relevant for VHG fermentations; and to ethanol, acetic acid, furfural and/or 
vanillin were identified. Comparative fermentative performance analysis under industrially 
relevant conditions allowed to narrow down the number of genes whose expression is 
required for maximal performance of VHG fermentations or for the fermentation of wheat 
straw hydrolysates thus revealing suitable candidates for subsequent genetic engineering 
aiming to obtain more robust industrial yeast strains.  
 
6.2. Materials and Methods 
6.2.1. Strains and growth media 
The parental strain Saccharomyces cerevisiae BY4741 (MATa, his3Δ1, leu2Δ0, met15Δ0, 
and ura3Δ0) and the 18 derived deletion mutant strains used in this study (Δanp1, Δbud31, 
Δend3, Δerg2, Δerg24, Δgcs1, Δhpr1, Δnat3, Δpho85, Δppa1, Δprs3, Δvrp1, Δrav1, Δrpb4, 
Δrpl1b, Δtps1, Δvma8 and Δygl024w) were acquired from the EUROSCARF collection.  
VHG fermentations were carried out in a growth medium that contains, per liter: 304 g 
glucose, 44.3 g Corn Steep Liquor (CSL), 2.3 g urea, 3.8 g MgSO4·7H2O and 0.03 g 
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CuSO4·5H2O. The pH of the medium was adjusted to 5.5 using 1 M NaOH. CSL was 
kindly provided by a starch manufacturer (COPAM, Portugal) and its manipulation in the 
laboratory as well as its detailed composition have been previously described by Pereira et 
al. (2010a). Control fermentations were performed in YPD growth medium that contains 
2% (w/v) glucose, 2% (w/v) bactopeptone and 1% (w/v) yeast extract. The MM4 growth 
medium used to test the susceptibility of yeast cells to the inhibitors found in wheat straw 
hydrolysates contains, per liter, 20 g glucose, 2.65 g ammonium sulphate, 1.7 g yeast 
nitrogen base without amino acids and ammonium sulphate, 20 mg methionine, 20 mg 
histidine, 60 mg leucine and 20 mg uracil. Solid YPD and MM4 growth media were 
obtained by supplementing the liquid medium with 2% (w/v) agar. 
 
6.2.2. Preparation of the wheat straw hydrolysate 
A lignocellulosic wheat straw hydrolysate was prepared following the method described by 
Ruiz et al. (2011). Briefly, the milled wheat straw (with particle size distribution of:>1mm, 
10%; between 1 and 0.5 mm, 40%; between 0.5 and 0.3 mm, 40%; <0.3 mm, 10%) and 
water were mixed in order to obtain a ratio 10:1 liquid/solid and treated for 30 min in a 
3.75 L stainless steel reactor, at 180 ºC. After hydrolysis, the liquid phase (hemicellulosic 
liquor) was collected by filtration and stored at -20ºC. Prior to its use for fermentation, the 
hemicellulosic liquor was centrifuged for 10 min at 4800 g (4ºC) to remove the solid 
fraction and then sterilized by filtration. The liquid phase of the hemicellulosic liquor was 
supplemented with glucose (up to a final concentration of 50 g/L) to improve the ethanol 
yields and with 240 mg/L leucine, 80 mg/L histidine, 80 mg/L methionine and 80 mg/L 
uracil to account for the auxotrophies of the BY4741 strain. The pH of this liquid fraction 
was finally adjusted to 5.5 with 10 M NaOH. The concentrations of glucose, xylose, 
arabinose, acetic acid, formic acid, furfural, vanillin and hydroxymethylfurfural (HMF) in 
the wheat straw hydrolysate prepared, as described above, were quantified by HPLC. 
Glucose, xylose, acetic acid and formic acid were quantified upon separation of an aliquot 
of the hydrolysate in a Varian MetaCarb 87H column, eluted at 60 ºC with 0.005 M 
H2SO4, at a flow rate of 0.7 mL/min. The peaks corresponding to glucose, xylose and 
arabinose were detected using a refractive index detector, whereas acetic acid and formic 
acid were detected using an UV detector set at 210 nm. Furfural, vanillin and 
hydroxymethylfurfural (HMF) were quantified upon separation of an aliquot of the 
hydrolysate in a Macherey-nagel C18 column, eluted with 20% acetonitrile/80% water at a 
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flow rate of 0.9 mL/min. Peak detection was performed using an UV detector set at 276 
nm. 
 
6.2.3. Fermentations in VHG-optimized medium or in wheat straw 
hydrolysate 
Cells used to inoculate the optimized VHG-growth medium or the wheat straw hydrolysate 
were cultivated at 30ºC for 24 h, with orbital agitation (150 rpm), in YPD growth medium 
(supplemented with 240 mg/L leucine, 80 mg/L histidine, 80 mg/L metionine and 80 mg/L 
uracil). After that, cells were harvested by centrifugation (10 min, 4800g, 4 ºC) and the 
pellet was resuspended in ice-cold 0.9% (w/v) NaCl to obtain 200 mg/mL fresh yeast (FY). 
This concentrated cell suspension was used to inoculate 35 mL of the VHG-optimized 
growth medium, or the wheat straw hydrolysate, with a cellular concentration of 1x10
8
 
cells/mL. Fermentations were carried out in 100 mL Erlenmeyer flasks fitted with 
perforated rubber stoppers enclosing glycerol-filled air-locks (to permit CO2 exhaustion 
while avoiding the entrance of air). Prior to inoculation, both media were aerated by 
stirring with a magnetic bar (length of 3 cm) at >850 rpm for 20 min. Under these 
conditions the oxygen concentration in the growth media was higher than 95% of air 
saturation. The fermentation was followed by measuring the reduction of mass loss 
resulting from CO2 production. At each time point, the standard deviation between 
replicates was less than 2% of the average value for the CO2 production. The 
concentrations of glucose, glycerol and ethanol in the growth media throughout the 
fermentations were quantified by HPLC. For this, an aliquot of the culture supernatant was 
separated on a Varian MetaCarb 87H column and eluted at 60 ºC with 0.005 M H2SO4 at a 
flow rate of 0.7 mL/min. Peak detection was performed using a refractive-index detector.  
 
6.2.4. Comparative analysis of the fermentation profile of VHG-optimized 
growth medium or wheat straw hydrolysate by wild-type S. cerevisae 
BY4741 cells and selected deletion mutants. 
The fermentation profile in VHG-optimized medium or in the wheat straw hydrolysate 
(WSH) of the parental strain BY4741 was compared with that of selected deletion mutants 
based on two kinetic parameters: i) the concentration of ethanol present at the end of the 
fermentation; ii) the amount of CO2 produced at mid-fermentation point, i.e. the time at 
which the amount of CO2 produced by wild-type cells achieved half of the total produced. 
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For each deletion mutant these two fermentation parameters were compared with those of 
the parental strain using equations 1 and 2:  
 
 
 
  
 
 
 
To take into account that the elimination of a gene may affect the fermentation 
performance even in the absence of stress, the fermentation profile of the parental strain 
BY4741 and of the 18 deletion mutants used in this study was compared in standard YPD 
growth and the values of Δ[Ethanol]VHG or WSH and Δ[CO2]VHG or WSH were corrected 
using equations 3 and 4: 
  
 
 
 
 
 
 
 
At-test (one-way ANOVA) was used to assess the statistical significance of the results. 
 
6.2.5. Comparative analysis of the growth of wild-type cells and of the 
selected deletion mutants in wheat straw hydrolysate using spot 
assays. 
Growth of wild-type BY4741 cells in the wheat straw hydrolysate was compared with that 
of the deletion mutants Δend3, Δerg2, Δerg24, Δgcs1, Δnat3, Δppa1, Δprs3, Δrpb4, Δvma8, 
Δrav1 and Δtps1 using spot assays. For this, cells were cultivated at 30ºC with orbital 
agitation (150 rpm) in YPD liquid medium until mid-exponential phase (OD600 of 1.5 ± 
0.2) and then diluted to obtain a cell suspension with a standardized OD600 of 0.1 ± 0.02. 
Four μL of this cellular suspension were applied as spots onto the surface of plates 
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containing the wheat straw hydrolysate supplemented with 2% agar. The susceptibility of 
wild-type cells and of the deletion mutants was also compared in minimal growth medium 
MM4 supplemented or not with the same mixture of inhibitors found in the wheat straw 
hydrolysate, that is 1.5 g/L acetic acid, 0.34 g/L formic acid, 0.57 g/L furfural and 0.1 g/L 
HMF. The pH of the MM4 growth medium was adjusted to pH 5.5 with NaOH prior to 
autoclaving. The cell suspensions used to inoculate the MM4 growth media plates were 
obtained as described above. 
 
6.3. Results 
6.3.1. Identification of Saccharomyces cerevisiae genes involved in 
tolerance to relevant stresses in VHG alcoholic fermentations or in 
biomass-based fermentations. 
To identify yeast genes that simultaneously confer resistance to inhibitory concentrations 
of ethanol, glucose and acetic acid or to acetic acid, ethanol, vanillin and/or furfural, we 
used the results of genome-wide phenotypic screenings carried out in the presence of those 
stressors (Gorsich et al. 2006; Endo et al. 2008; Teixeira et al. 2009; Mira et al. 2010b; 
Teixeira et al. 2010). Other datasets of determinants of resistance to ethanol and acetic acid 
were available in the literature (Fujita et al. 2006; Kawahata et al. 2006; van Voorst et al. 
2006; Yoshikawa et al. 2009). However, these studies were not performed using the 
BY4741 strain, which was the one used to screen the determinants of tolerance to furfural, 
vanillin and high glucose concentrations (Gorsich et al. 2006; Endo et al. 2008; Teixeira et 
al. 2010), and therefore they were not considered since the genetic background of the yeast 
strain used is known to have a deep impact in the results obtained in large-scale phenotype 
screenings. Eight genes conferring resistance to ethanol, glucose and acetic acid were 
identified: ANP1, BUD31, HPR1, PHO85, PPA1, VRP1, RPL1B and YGL024w (Figure 
6.1A). The physiological function of these genes is described in Table 6.1.  
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Figure 6.1 - Comparison of the yeast genes described as determinants of resistance to inhibitory 
concentrations of (A) ethanol, glucose and acetic acid or of (B) ethanol, acetic acid and furfural or vanillin. 
The genes in the intersection of these datasets are highlighted. This comparative analysis was based on 
published genome-wide phenotypic screenings carried out in the presence of the referred stressors (Gorsich 
et al. 2006; Endo et al. 2008; Teixeira et al. 2009; Mira et al. 2010b; Teixeira et al. 2010). 
 
Differently, no gene providing protection towards acetic acid, ethanol, furfural and vanillin 
was found. However, six genes common to the dataset of determinants of resistance to 
acetic acid, vanillin and ethanol (END3, ERG2, ERG24, GCS1, RAV1 and TPS1) and five 
to the dataset of genes required for tolerance to ethanol, acetic acid and furfural (NAT3, 
PPA1, PRS3, RPB4 and VMA8) were identified (Figure 6.1B; Table 6.1). 
 
Table 6.1 - Physiological function of genes shown in Figure 6.1 as being required for tolerance to inhibitory 
concentrations of glucose, ethanol and acetic acid or ethanol, acetic acid and vanillin or furfural. 
Gene Functiona 
      Stress: Ethanol, acetic acid and glucose 
ANP1 Subunit of the -1,6 mannosyltransferase complex involved in the mannysolation of cell wall 
proteins 
BUD31 Protein involved in mRNA splicing 
HPR1 Subunit of THO/TREX complexes that couple transcription elongation with mitotic 
recombination and with mRNA metabolism and export 
PHO85 Cyclin-dependent kinase involved in the regulation of yeast response to nutrient depletion, 
environmental stress and cell cycle progression 
PPA1 Proteolipid subunit of the membrane domain of the vacuolar H+-ATPase (V-ATPase) 
RPL1B Component of the large (60S) ribosomal subunit 
VRP1 Actin-associated protein involved in cytoskeletal organization and cytokinesis 
YGL024w Unknown function 
      Stress: Ethanol, acetic acid and vannilin 
END3 Protein involved in endocytosis, actin cytoskeletal organization and cell wall morphogenesis 
ERG2 Sterol isomerase involved in ergosterol biosynthesis 
ERG24 Sterol reductase involved in ergosterol biosynthesis 
GCS1 ADP-ribosylation factor GTPase activating protein, involved in transport from endoplasmic 
reticulum to Golgi 
RAV1 Subunit of the RAVE complex which promotes assembly of the V-ATPase  
TPS1 Synthase subunit of trehalose-6-phosphate synthase/phosphatase complex required for trehalose 
biosynthesis 
      Stress: Ethanol, acetic acid and furfural 
NAT3 Catalytic subunit of the NatB N-terminal acetyltransferase involved in protein acetylation 
PPA1 Proteolipid subunit of the membrane domain of the vacuolar H+-ATPase (V-ATPase) 
RPB4 RNA polymerase II subunit  
PRS3 Pyrophosphate synthetase required for nucleotide, histidine and tryptophan biosynthesis 
VMA8 Peripheral membrane domain subunit of the vacuolar H+-ATPase (V-ATPase) 
a 
The description of gene function is based on the information available in the Saccharomyces Genome Database 
www.yeastgenome.org. NATB: RAVE: regulator of the ATPase of vacuolar and endosomal membranes. 
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6.3.2. Role of genes providing protection against acetic acid, ethanol and 
glucose stresses in VHG fermentations. 
The role in VHG fermentations of the eight genes required for yeast tolerance to inhibitory 
concentrations of glucose, acetic acid and ethanol (ANP1, BUD31, HPR1, PHO85, PPA1, 
RPL1B, VRP1 and YGL024w; Figure 6.1A) was examined. For this, the fermentation rate 
and the final concentration of ethanol produced were compared in cells of the parental 
strain BY4741 and in deletion mutants lacking the above referred genes. The fermentation 
rate was assessed based on the amount of CO2 produced at mid-fermentation (49h). The 
elimination of the genes under analysis in a non-stressful fermentation carried out in 
standard YPD growth medium (with 2% glucose) did not significantly affect the final 
ethanol production (no significant differences at 95% confidence level; results not shown). 
The results obtained in the growth medium optimized for VHG fermentations are 
summarized in Table 6.2 and in Figure 6.2A. Under the oxygen-limiting conditions used in 
these fermentations, which resemble the typical anaerobic conditions found in large-scale 
VHG fermentations, the profile of CO2 production obtained in wild-type cells and in the 
different mutants tested was similar to the profile of ethanol formation, which indicates 
that most of the CO2 produced comes from the fermentative pathway (results not shown). 
Taking this into consideration, the profile of CO2 production of the wild-type and of the 
selected deletion mutants is shown in Figure 6.2B, as it provides a suitable assessment of 
how the fermentation proceeded in these different strains.  
 
Table 6.2 - Effect of the expression of the ANP1, BUD31, HPR1, PHO85, PPA1, RPL1B, VRP1 and 
YGL024w genes, required for tolerance to inhibitory concentrations of glucose, acetic acid and ethanol, in 
VHG fermentation. 
Strain 
[Ethanol]    
(g/L) 
Ethanol  (compared to 
wild-type cells) 
[CO2] at mid-
fermentation (g/L) 
CO2 (compared to 
wild-type cells) 
BY4741      136 ± 2 0 72 ± 5 0 
anp1 122 ± 1 -11 ± 1 ** 67 ± 1 0 ± 4 
bud31 70 ± 1 -49 ± 1 ** 14 ± 0 -54 ± 3 ** 
hpr1 75 ± 1 -45 ± 1 ** 28 ± 0 -41 ± 3 ** 
pho85 108 ± 0 -21 ± 1 ** 57 ± 5 -12 ± 6 * 
rpl1b 132 ± 5 -3 ± 3 66 ± 1 -1 ± 4 
vrp1 117 ± 2 -13 ± 2 ** 64 ± 1 -16 ± 2 ** 
ygl024w 126 ± 1 -8 ± 1 ** 55 ± 1 -18 ± 3 ** 
ppa1 127 ± 1 -7 ± 1 ** 84 ± 1 25 ± 3 ** 
The comparison of the fermentation profile of wild-type cells and of the deletion mutants was based on the concentration of ethanol 
produced at the end of the fermentation ([Ethanol] and ΔEthanol) and on the amount of CO2 formed ([CO2] and ΔCO2) at mid-
fermentation point (49 h – time taken by the parental strain to reach 50% of the total CO2 produced), as described in Methods. The 
results shown are means of at least two independent experiments and the statistical significance of the results obtained was quantified 
using a t-test (n = 2). *P <0.05; **P < 0.01. 
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Parental strain cells produced approximately 136 g/L ethanol (Table 6.2) from the 304 g/L 
of glucose that were initially provided in the growth medium, corresponding to an ethanol 
conversion yield of 87%. Out of the mutants tested only Δrpl1b fermented at a similar rate 
and produced the same levels of ethanol than wild-type cells (Table 6.2) leading us to 
conclude that the RPL1B gene should be dispensable for maximal performance of VHG 
fermentations. All the other deletion mutants tested produced lower levels of ethanol 
and/or exhibited reduced fermentation rates (Table 6.2 and Figure 6.2A). The highest 
reduction was observed for Δhpr1 and Δbud31 mutant strains (Table 6.2, Figure 6.2A), 
which produced less than half the amount of ethanol produced by the parental strain. The 
analysis of the corresponding CO2 production profiles shows that fermentation by these 
mutant cells started significantly later than wild-type cells, which resumed fermentation 
almost immediately after inoculation (Figure 6.2B).  
 
Figure 6.2 - (A) Comparison between the concentration of CO2 (Δ[CO2]corr) at mid fermentation point (49h) 
and of the final amount of ethanol (Δ[Ethanol]corr) produced by cells of the parental strain S. cerevisae 
BY4741 and by mutants deleted for the ANP1, BUD31, HPR1, PHO85, PPA1, RPL1B , VRP1 and YGL024w 
genes during fermentation of a growth medium optimized for VHG technology. The Δ[CO2]corr and 
Δ[Ethanol]corr parameters were calculated using equations 3 and 4, which are detailed in materials and 
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methods. (B) The profile of CO2 production by wild-type cells or by the selected deletion mutants (all 
mentioned above except for Δrpl1b mutant). Those deletion mutants found to start the fermentation at the 
same time as wild-type cells (shown in left) were separated from those which started the fermentation later 
(shown in right). Error bars represent the range between independent biological duplicates. 
 
This observation is consistent with the reported involvement of BUD31 and HPR1 in yeast 
tolerance to inhibitory concentrations of glucose (Teixeira et al. 2010). The fermentation of 
Δhpr1 and of Δbud31 cells stopped prematurely leaving almost 130 g/L of glucose in the 
growth medium (Figure 6.2B). The analysis of the results obtained for the other deletion 
mutants indicates that the elimination of ANP1, PHO85, PPA1, VRP1, or YGL024w genes 
does not significantly affect the immediate resumption of fermentation after inoculation. 
Even so, a significant reduction of the fermentation rate is observed for Δpho85, Δvrp1 and 
Δygl024w mutants while an increase is observed for the Δppa1 mutant. The elimination of 
ANP1 does not affect the fermentation rate but the final ethanol concentration is 
diminished (Table 6.2).  
 
6.3.3. Role of the expression of yeast genes providing resistance to ethanol, 
acetic acid, furfural or vanillin in growth and fermentation of a wheat 
straw hydrolysate. 
A wheat straw hydrolysate was prepared following the methodology described by Ruiz et 
al. (2011). Under the used conditions the composition of the solid fraction was 37% 
glucan, 33% xylan and 27% lignin and the hemicellulosic fraction of the hydrolysate had 
1.90 g/L glucose, 15.40 g/L xylose, 2.09 g/L arabinose (both monomeric and oligomeric 
forms), 1.50 g/L acetic acid, 0.34 g/L formic acid, 0.57 g/L furfural, 0.10 g/L HMF and a 
residual concentration of vanillin (below 0.01 g/L). The hydrolysate was supplemented to a 
final glucose concentration of 50 g/L. The concentrations of the different inhibitors 
produced in the wheat straw hydrolysate prepared are consistent with those reported in 
other studies (Erdei et al. 2010). From the 11-set of genes providing resistance to ethanol, 
acetic acid and furfural or vanillin, indicated in Figure 6.1B, only ERG2, PRS3, RPB4 and 
VMA8 were required for yeast growth in wheat straw hydrolysate (Table 6.3 and Figure 
S3). Consistent with the idea that these genes play no role in yeast growth in the absence of 
stress, no significant differences in the growth of these deletion mutants and of parental 
strain cells in YPD growth medium was observed (Figure S3). In agreement with the 
requirement of ERG2, PRS3, RPB4 and VMA8 for growth in the wheat straw hydrolysate, 
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based on their protective effect against the inhibitors present therein, Δerg2, Δprs3, Δrpb4 
and Δvma8 mutants were also unable to grow in a minimal growth medium (MM4) 
supplemented with the same concentration of inhibitors found in the hydrolysate (Table 6.3 
and Figure S3) 
 
Table 6.3 - Comparison, by spot assays, of growth of S. cerevisiae BY4741 cells and of the 11 deletion 
mutants that lack the genes found to provide resistance against ethanol, acetic acid and furfural or vanillin. 
 
Strain/Medium WSH
a 
 MM4 + inhibitors
b 
BY4741 ++ ++ 
prs3 + - 
rav1 ++ ++ 
ppa1 ++ ++ 
end3 ++ ++ 
erg24 ++ ++ 
erg2 + - 
nat3 ++ ++ 
vma8 + + 
gcs1 ++ ++ 
rpb4 + + 
tps1 ++ ++ 
Cells used to prepare the spots were cultivated in YPD liquid medium until mid-exponential phase (OD600 
nm = 1.5 ± 0.2) and then applied as spots (4 μL) into the surface of the agar plates containing different 
growth media. The yeast strains were inoculated in triplicate. a Relative to the growth in standard YPD 
growth medium; b supplemented with the same mixture of inhibitors found in the hydrolysate, relative to the 
growth in MM4 medium (without inhibitors). +++ growth; + partial growth; - no growth. MM4: minimal 
growth medium 4; WSH: wheat straw hydrolysate; YPD: yeast extract peptone dextrose. 
 
The fermentation profile of wild-type S. cerevisiae BY4741 cells in the hydrolysate 
prepared from wheat straw was compared with that of the Δend3, Δerg2, Δerg24, Δgcs1, 
Δnat3, Δppa1, Δprs3, Δrav1, Δrpb4, Δtps1 and Δvma8 mutants and the results obtained are 
summarized in Table 6.4 and in Figures 6.3 and 6.4. The parental strain consumed the 50 
g/L of glucose provided in the hydrolysate producing approximately 21 g/L of ethanol 
(Table 6.4). Out of the deletion mutants tested, Δrpb4 and Δvma8 were those generating 
the lowest ethanol concentrations (3 and 7 g/L, respectively), exhibiting also the lowest 
fermentation rates (Figure 6.3 and Figure 6.4A). Consistently, these two mutants were 
among those whose growth in the hydrolysate was more affected (Table 6.3 and Figure 
S3).  Δerg2 and Δprs3 cells, which were also found to have an impaired growth in the 
hydrolysate (Table 6.3 and Figure S3), did not produce significantly lower ethanol levels 
compared to wild-type cells (Table 6.4), but their fermentation rate was found to be much 
lower (Figure 6.3 and Figure 6.4B). This fact may be due to the protective effect that these 
genes exert against the ethanol that is being accumulated and which is not initially present 
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in the hydrolysate. Despite this, these mutants produced the same levels of ethanol as wild-
type cells (Table 6.4). The Δrav1 mutant that has not shown an impaired growth in the 
presence of hydrolysate inhibitors (Table 6.3 and Figure S3) and presented the same final 
ethanol concentration as the wild type strain (Table 6.4), exhibited a significant decrease in 
the fermentation rate (Table 6.4).  
 
Table 6.4 - Effect of the expression of genes required for tolerance to inhibitory concentrations of ethanol, 
acetic acid and furfural or vanillin in the fermentation of a wheat straw hydrolysate. 
Strain [Ethanol]    
(g/L) 
Ethanol  (compared to 
wild-type cells) 
[CO2] at mid-
fermentation    (g/L)  
CO2 (compared to wild-
type cells) 
BY4741 21 ± 2 0 8 ± 1 0 
      Stress: Acetic acid, ethanol and furfural   
nat3 22 ± 0 1 ± 2 8 ± 1 7 ± 11 
ppa1 21 ± 0 1 ± 0 12 ± 0 44 ± 8 **  
prs3 20 ± 0 -5 ± 1 3 ± 1 -50 ± 9 **  
rpb4 3 ± 0 -85 ± 2 ** 0 ± 0 -78 ± 11 **  
vma8 7 ± 1 -63 ± 5 ** 0 ± 1 -80 ± 11 **  
      Stress:  Acetic acid, ethanol and vannilin   
end3 21 ± 0 -1 ± 2 5 ± 2 -33 ± 20 
erg2 20 ± 1 -5 ± 3 2 ± 0 -256 ± 68 **  
erg24 21 ± 0 -1 ± 0 8 ± 1 -5 ± 10  
gcs1 22 ± 0 2 ± 1 5 ± 1 -43 ± 13 *  
rav1 21 ± 0 -1 ± 1 4 ± 0 -43 ± 8 **  
tps1 21 ± 0 -3 ± 1 5 ± 1 -32 ± 18  
The comparison of the fermentation profile of wild-type cells and of the deletion mutants was based on the concentration of ethanol 
produced at the end of the fermentation and on the amount of CO2 formed at mid-fermentation point (14 h - time taken by the parental 
strain to reach 50% of the total CO2 produced), as described in Methods. The results shown are means of at least two independent 
experiments and the statistical significance of the results obtained was quantified using a t-test (n = 2). *P < 0.05; **P < 0.01. 
 
 
Figure 6.3 - Comparison between the concentration of CO2 (Δ[CO2]corr) at mid fermentation point (14 h) and 
of the final concentration of ethanol (Δ[Ethanol]corr) produced by cells of the parental strain S. cerevisae 
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BY4741 and by the mutants deleted for genes conferring resistance against ethanol, acetic acid and vanillin 
or furfural in the fermentation of WSH. The Δ[CO2]corr and Δ[Ethanol]corr parameters were calculated using 
equations 3 and 4, as described in Methods. Error bars represent the error propagation associated with 
arithmetic operations used to determine the global relative variation of each mutant strain. 
 
Interestingly, the fermentation of Δppa1 cells occurred faster than the one carried out by 
wild-type cells, as it had also been observed in the fermentation of the VHG-optimized 
growth medium (Figure 6.2B and Figure 6.4B). However, different from what was 
observed in the VHG-optimized growth medium in which a slight reduction in final 
ethanol production was observed in Δppa1 cells, these mutant cells produced the same 
amount of ethanol from the wheat straw hydrolysate as wild-type cells (Table 6.4 and 
Figure 6.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 - Profile of CO2 production by wild-type cells or by the mutants deleted for genes providing 
resistance against ethanol, acetic acid and vanillin or furfural. Those deletion mutants found to produce much 
lower levels of CO2 than those achieved by cells of the parental strain (panel A) were separated from those 
producing lower, but more similar concentrations (panel B). Error bars represent the range between 
independent biological duplicates. 
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6.4. Discussion 
In this study, a set of Saccharomyces cerevisiae genes involved in tolerance to relevant 
stresses in lignocellulosic biomass- or VHG- based fermentations were identified and the 
requirement of some of these genes for a maximal fermentation performance was 
demonstrated for the first time. 
Specifically, the effect of genes involved in tolerance to acetic acid, glucose, ethanol, 
furfural and vanillin was addressed. Although the results emerging from chemogenomic 
screenings have the potential to identify genes that could be interesting targets for 
subsequent genetic engineering aiming to obtain more robust industrial yeast strains, often 
the datasets reach hundreds of genes which turns the identification of the best candidates 
difficult. Furthermore, genes found to be specifically required to confer resistance to 
individual stresses may not be interesting in a multi-stress environment. In this context, the 
strategy followed in this study to search for cross-resistance genes provides a 
straightforward and focused approach. Furthermore, this is a much more realistic approach 
to the problem since it is clear that it is the combined effect of the different fermentation 
stressors that poses the greatest challenge to the success of industrial fermentations  
(Martin and Jonsson 2003; keating et al. 2006; van Maris et al. 2006; Albers and Larsson, 
2009). Moreover, as reported by Marks et al. (2008), studies performed under standard 
laboratory conditions are inadequate to reveal the mechanisms of metabolic and regulatory 
changes that occur during industrial fermentation processes. The impact of the 
combination of relevant stresses that occurs during these fermentations is likely to be more 
complex, since the yeast cells are subjected to wide variations in diverse environmental 
factors. It would be interesting to find genes that were able to simultaneously increase 
yeast tolerance to all the stresses considered in the current study, given the fact that future 
lignocellulosic hydrolysate formulations will require higher initial sugar concentrations to 
assure the production of higher bioethanol titers. Since such a gene could not be identified, 
sub-groups of genes were considered separately in the context of lignocellulosic biomass- 
or VHG- based fermentations. 
Out of the eight genes found to contribute simultaneously for yeast tolerance to inhibitory 
concentrations of glucose, acetic acid and ethanol (Teixeira et al. 2009; Teixeira et al. 
2010; Mira et al. 2010b), five were demonstrated to be required for maximal fermentation 
performance in a growth medium optimized for VHG fermentations: BUD31 and HPR1, 
which were found to have a crucial effect in both ethanol yield and fermentation rate; and 
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PHO85, VRP1 and YGL024w which were required for a maximal ethanol production. 
BUD31 and HPR1 encode two proteins involved in general transcription activities: BUD31 
is required for splicing and associates with yeast spliceossome factors and HPR1 is 
involved in transcription elongation and mRNA metabolism and export. Significantly, a 
previous study has successfully engineered the basal yeast transcription machinery to 
create a strain with increased tolerance to inhibitory concentrations of ethanol and glucose 
and thereby with increased fermentation capacity of sugar-enriched substrates (Alper et al. 
2006). Interestingly, none of the referred 8 genes was among the set of genes whose 
transcription was reported to be altered in an industrial bioethanol process (Li et al. 2010). 
Furthermore, the products of these genes were also not found among the proteins whose 
content was altered during a VHG fermentation (Pham and Wright, 2008). Frequently the 
transcription of a gene that is required for resistance to a given stress is not responsive to 
that same stress (Berry and Gasch, 2008; Mira et al. 2010a; Teixeira et al. 2011). This 
turns gene expression to be a poor predictor of genes important for resistance to 
fermentation stressors and highlights the usefulness of chemogenomic analysis that 
directly addresses the effect of the expression of a given gene in resistance. Moreover, our 
approach of identifying key genes common to different relevant stresses in bioethanol 
fermentations and validating the identified genes under fermentation conditions close to 
the industrial ones, overcomes some of the constraints of conventional chemogenomic 
approaches based on laboratory media.  
Previous analyses leading to the identification of yeast genes conferring increased 
resistance to lignocellulose hydrolysis-derived phenolic inhibitors, focused mostly on 
genes related to the specific detoxification of these compounds through their enzymatic 
conversion into less toxic compounds (reviewed in Liu 2011). Since our focus was the 
identification of genes whose expression has the ability to confer simultaneous resistance 
to these inhibitors and also to acetic acid and ethanol, it was expected that those genes 
previously found to play very specific roles in yeast resistance to each of these chemical 
stress inducers were not present in our dataset. We believe that this integrated approach has 
the potential to guide the selection of the genes that contribute to the overall viability and 
fermentative capacity of yeast cells under multiple stress conditions. Among the genes 
providing resistance to ethanol, acetic acid and vanillin or furfural, ERG2, PRS3, RPB4 
and VMA8 were found, for the first time, to contribute for maximal yeast cell growth and 
fermentation rate in wheat straw hydrolysate, while RAV1 contributed only to reach 
maximal fermentation rate. RAV1 and VMA8 are both involved in the assembly and 
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function of the vacuolar membrane H+-ATPase (V-ATPase): Rav1 is a subunit of the 
RAVE complex (Regulator of the ATPase of Vacuolar and Endosomal membranes) which 
promotes assembly of V-ATPase holoenzyme (Smardon et al. 2002), and VMA8 encodes 
the subunit D of the V1 peripheral membrane domain of the enzyme. V-ATPase plays a 
crucial role in the maintenance of internal pH within physiological values, especially under 
conditions of stress that induce intracellular acidification, as it is the case of acetic acid and 
ethanol stress (Carmelo et al. 1997; Teixeira et al. 2009). Consequently, V-ATPase was 
identified as a crucial determinant of resistance to these two chemicals (Teixeira et al. 
2009; Mira et al. 2010a). ERG2 encodes one of the key enzymes involved in ergosterol 
biosynthesis. A decrease in the transcript levels of ergosterol biosynthetic genes was 
reported previously to occur during bioethanol (Alper et al. 2006) and winemaking 
(Rossignol et al. 2003) processes, possibly as a response to the lack of oxygen. The 
activation of ergosterol biosynthesis seems to be one of the reasons why the frequent 
addition of oxygen is used to increase yeast viability and fermentation quality in 
winemaking processes. Several studies have correlated ergosterol (the major sterol in the 
plasma membrane of S. cerevisiae) with yeast tolerance to stress, particularly against 
ethanol (Alexandre et al. 1994; Swan and Watson, 1998) indicating a prominent role of this 
lipid in stabilizing membrane lipids and proteins against the detrimental effects of ethanol. 
Remarkably, it was recently demonstrated that V-ATPase activity is reduced in mutants 
devoid of ERG2 expression (Zhang et al. 2010). The ERG24 gene, encoding a C-14 sterol 
reductase also involved in ergosterol biosynthesis, was also identified as a common 
determinant of resistance to ethanol, acetic acid, vanillin and furfural, however, the 
expression of this gene was dispensable for yeast growth in the wheat straw hydrolysate 
and only had a slight effect in the fermentation performance of this substrate. This may be 
due to the fact that the deletion of ERG2 and ERG24 lead to the accumulation of different 
sterols in the yeast plasma membrane. 
 
6.5. Conclusions 
With this study, we successfully narrowed down the number of genes identified before 
through genome-wide screenings whose genetic manipulation is promising in the context 
of bioethanol process optimization. The focused and more realistic approach exploited in 
this study allowed us to confirm the practical importance of a set of genes for maximal 
fermentation performance in a growth medium optimized for VHG and/or lignocellulosic 
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biomass industrial fermentations. These results expand our understanding about the genes 
and underlying molecular mechanisms that are directly involved in yeast tolerance and 
response to the multiple stresses occurring during bioethanol fermentations under 
industrial relevant conditions. The use of genetic engineering approaches to increase the 
expression of the selected genes in industrial strains is the next logical step, to find out 
whether these manipulations may lead to the generation of more robust industrial yeast 
strains, able to cope with the most significant fermentation stresses and, thus, to increase 
ethanol production rate and final ethanol titers. 
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CHAPTER 7 
Genome-wide screening of Saccharomyces cerevisiae 
genes required to foster tolerance towards industrial 
wheat straw hydrolysates  
 
Abstract 
The presence of toxic compounds derived from biomass pre-treatment in fermentation media 
represents an important drawback in second generation bioethanol production technology and 
overcoming this inhibitory effect is one of the fundamental challenges to its industrial 
production. The aim of this study was to systematically identify, in industrial medium and at a 
genomic scale, the Saccharomyces cerevisiae genes required for simultaneous and maximal 
tolerance to key inhibitors of lignocellulosic fermentations. Based on the screening of 
EUROSCARF haploid mutant collection, 242 and 216 determinants of tolerance to inhibitory 
compounds present in industrial wheat straw hydrolysate (WSH) and in inhibitor-
supplemented synthetic hydrolysate (SH) were identified, respectively. Genes associated to 
vitamin metabolism, mitochondrial and peroxisomal functions, ribosome biogenesis and 
microtubule biogenesis and dynamics are among the newly found determinants of WSH 
resistance. Moreover, PRS3, VMA8, ERG2, RAV1 and RPB4 were confirmed as key genes on 
yeast tolerance and fermentation of industrial WSH. 
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7.1. Introduction 
Technology for conventional ethanol production from crops rich in starch or sugar with 
Saccharomyces cerevisiae strains is well established (Pereira et a. 2011a; Pereira et al. 
2011b), while bioethanol production from agricultural and agro-industrial residues is 
receiving growing scientific interest despite posing greater technical, engineering and 
biological challenges (Madhavan et al. 2012). It is widely acknowledged that the main 
challenge when using microorganisms to produce bulk chemicals is the accumulation of 
toxic compounds inside the producing cells, which affects the regular activity of yeast 
metabolic machinery. Then, tolerance engineering is essential for the improvement of next-
generation biofuels production (Dunlop 2011; Liu 2011; Taylor et al. 2012). 
To make the sugars present in biomass residues available for fermentation, raw materials 
have to be subjected to pre-treatment and hydrolysis steps (Mussatto et al. 2010; Ruiz et al. 
2011). Under the extreme conditions observed during the pre-treatment step some toxic 
compounds are released together with sugars. These can be grouped around three main 
classes, weak acids, furans and phenolics. While acetic acid, the most common weak acid 
derived from lignocellulosic hydrolysates, is formed by deacetylation of hemicelluloses, 
furan compounds, 2-furaldehyde (furfural) and 5-hydroxymethyl-2-furaldehyde (HMF), 
are formed by dehydration of pentoses and hexoses, respectively. Phenolic compounds are 
generated due to lignin breakdown and carbohydrate degradation during acid hydrolysis 
(recently reviewed by Almeida et al., 2007). During yeast cultivation and/or fermentation 
step, these inhibitors induce a harsh effect on yeast metabolic machinery reducing the 
ethanol yield and productivity (Liu 2006; Modig et al. 2008). The yeast has inherent 
mechanisms to counteract the negative impact of this multiple effects, being the furan and 
weak acids inhibition patterns well studied in the last years. Weak acids have been 
described to induce a strong intracellular acidification, with negative consequences for the 
activity of metabolic enzymes, and to cause the dissipation of the plasma membrane 
potential which is an essential feature for secondary transport (Mira et al. 2010c). This can 
be partly compensated by plasma membrane ATPase activity, which pumps protons out of 
the cell at the expense of ATP hydrolysis (Mira et al. 2010c). On the other hand, furan 
compounds have to be reduced to their corresponding less toxic alcohols by yeast cells 
decreasing the fermentation process productivity (and increasing the lag phase). Modig et 
al. (2002) showed that the extended lag phase results from a reduction in available cellular 
energy caused by the inhibition of several enzymes (alcohol dehydrogenase, aldehyde 
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dehydrogenase and pyruvate dehydrogenase), which coupled with the deficiency of the 
cofactor nicotinamide adenine dinucleotide phosphate (NADPH), are directly involved in 
oxidative damages to yeast cells. Moreover, furfural and HMF are known to cause RNA, 
DNA, protein and membrane damage at low concentrations (Lin et al. 2009; Ask et al. 
2013).  
To overcome the problem of toxicity, several strategies have been considered such as 
biological or chemical detoxification step prior to fermentation (reviewed by Palmqvist 
and Hahn-Hagerdal, 2000), optimization of fermentation environment in order to minimize 
the toxic effects of inhibitors (Huang et al. 2011) or the improvement of resistance of the 
organism itself (Heer and Sauer, 2008). Results emerging from genome-wide screenings 
have the potential to identify phenotype-specific genes under selective conditions that 
could be targets for subsequent genetic engineering aiming to obtain more robust industrial 
yeast strains (Pereira et al. 2011b). Chemogenomic analysis has been successfully applied 
to identify genes, at a genomic scale, required for maximal tolerance to ethanol (Teixeira et 
al. 2009; Ma and Liu 2010) or high concentrations of glucose (Teixeira et al. 2010), single 
stress relevant for very high gravity (VHG) fermentations, or to inhibitory concentrations 
of furfural (Gorsich et al. 2006), acetic acid (Mira et al. 2010b), and vanillin (Endo et al. 
2008), single stress relevant for lignocellulosic biomass fermentations. However, genes 
found to be specifically required to confer resistance to individual stresses may not be 
relevant in a multi-stress environment. Since during the bio-detoxification step yeast cells 
are subjected to a wide range of toxic compounds, where their combined effect can have a 
large impact on yeast metabolic machinery, it would be interesting to find key genes able 
to increase yeast tolerance to multiple inhibitory compounds presented in lignocellulosic 
hydrolysates produced for industrial applications. Although some efforts have been put 
into the study of the genome-wide expression response to cultivation in hydrolysate 
(Bajwa et al. 2013), a chemogenomic analysis under stresses induced by industrial 
lignocellulosic hydrolysates provides a straightforward and more realistic approach to 
better understanding molecular and biological mechanisms during biomass in situ 
detoxification by yeast cells.  
In this context, the aim of this study was to systematically identify, at a genomic scale, the 
genes required for simultaneous and maximal tolerance to inhibitors derived from 
lignocellulosic biomass pre-treatment, by screening the EUROSCARF haploid mutant 
collection for susceptibility in industrial wheat straw hydrolysate (WSH) and in an 
inhibitor-supplemented synthetic hydrolysate (SH). 
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7.2. Methods 
7.2.1. Strains and growth media 
S. cerevisiae BY4741 strain (MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and the 
EUROSCARF collection of BY4741 – derived haploid mutant strains, with all 
nonessential open reading frames (ORFs) individually deleted (http://web.uni-
frankfurt.de/fb15/mikro/euroscarf/), were used for the chemogenomics analysis carried out 
during this study. Batch cultures of yeast were pre-grown in liquid minimal medium 
(MM4) that contains, per liter, 1.7 g yeast nitrogen base without aminoacids or NH4
+
 and 
20 g glucose, 2.65 g (NH4)2SO4, 20 mg methionine, 20 mg histidine, 60 mg leucine and 20 
mg uracil. A yeast peptone dextrose (YPD) medium that contains, per liter, 20 g glucose, 
20 g bactopeptone and 10 g yeast extract was also used for yeast growth in standard 
laboratory conditions. Solid YPD and MM4 growth media were obtained by supplementing 
the liquid medium with 2% (w/v) agar. 
 
7.2.2. Preparation of wheat straw and synthetic hydrolysates 
A lignocellulosic wheat straw hydrolysate (WSH) was prepared following the method 
described by Ruiz et al. (2011). Briefly, the milled wheat straw (with particle size 
distribution of: > 1 mm, 10%; between 1 mm and 0.5 mm, 40%; between 0.5 mm and 0.3 
mm, 40%; < 0.3 mm, 10%) and water were mixed in order to obtain a ratio 10:1 
liquid/solid and treated for 30 min in a 3.75 L stainless steel reactor, at 180°C for 
autohydrolysis. After hydrolysis, the liquid phase (hemicellulosic liquor) was collected by 
filtration and stored at -20°C. Prior to its use for yeast growth, the hemicellulosic liquor 
was centrifuged for 10 min at 9000 rpm (4°C) to remove the solid fraction, supplemented 
with 2% (w/v) agar, the pH was adjusted to 4.5 (NaOH 1M) and then sterilized at 121 ºC 
during 20 min. Afterward, the hemicellulosic liquor at 55 ºC was supplemented with 
glucose and aminoacids to a final concentration of 20 g/L glucose, 20 mg/L methionine, 20 
mg/L histidine, 60 mg/L leucine and 20 mg/L uracil to account for the auxotrophies of the 
BY4741 parental strain and its derived single deletion strains tested. All strains were also 
cultured in YPD solid medium supplemented with the same aminoacids mix to compare 
and evaluate their growth phenotype in standard laboratory conditions. A synthetic 
hydrolysate (SH) was also used to test the susceptibility of yeast cells to the inhibitors 
found in industrial WSH containing the same nutritional base of MM4 medium (see 
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composition above) and supplemented or not with 30 mM acetic acid, 4.5 mM furfural and 
0.67 mM HMF. The plates of both solid hydrolysates were prepared a day prior to use. The 
concentrations of glucose, acetic acid, furfural and HMF in the WSH and SH hydrolysates 
prepared as described above, were quantified by high performance liquid chromatography 
(HPLC). Glucose and acetic acid were quantified upon separation of an aliquot of the 
hydrolysate in a Varian MetaCarb 87H column, eluted at 60°C with 0.005 M sulfuric acid, 
at a flow rate of 0.7 mL/min. The peaks corresponding to glucose were detected using a 
refractive index detector, whereas acetic acid was detected using an UV detector set at 210 
nm. Furfural and HMF were quantified upon separation of an aliquot of the hydrolysate in 
a Macherey-nagel C18 column, eluted with 20% acetonitrile to 80% water at a flow rate of 
0.9 mL/min. Peak detection was performed using an UV detector set at 276 nm. 
 
7.2.3. Screening for lignocellulosic inhibitors sensitive deletion mutants  
To screen the entire EUROSCARF deletion mutant collection for susceptibility response to 
lignocellulosic inhibitors all strains were inoculated from stock cultures (96-well plates at -
80 ºC) to batch-cultures at pH 4.5, 30 ºC with orbital agitation (250 rpm) in MM4 medium 
under aerobic conditions. After 12 h of growth, a 96-pin replica platter was used to spot 
these cells onto the surface of WSH, YPD and SH with either 0 or the cocktail inhibitor 
described above. Susceptibility phenotypes were registered after incubation at 30 °C for 2 
and 3 days, depending on the severity of growth inhibition. At least two independent 
replicates were conducted for each set of mutants. The inhibition phenotype in WSH and 
SH was scored as (-), if the strain showed a residual growth after 72 h; and (--), if the strain 
showed no growth after 72 h (see Figure 7.1) Strains exhibiting no growth or growth that 
was difficult to score were rescreened to confirm the results. Only the mutants that present 
normal growth in control media (YPD) comparatively to parental strain have been 
considered susceptible to inhibitory WSH or SH (Figure 7.1). Groups of genes that are 
over-represented in our data-set, compared to yeast genome, were assigned to determined 
functional groups using the GOToolBox tool and the enrichment was considered for P 
values below 0.01. Moreover, the description of gene function was complemented using 
the information available in Saccharomyces Genome Database, SGD 
(http://www.yeastgenome.org/). 
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Figure 7.1 - Example of growth phenotypes of the parental BY4741 strain and single deletion mutant strains 
on WSH, SH and YPD (CTRL) media after 72 h. In this example, Vps16 was classified as inhibitor-sensitive 
deletion mutant with “high phenotype” (--, no growth after 72 h); Gim3 and Alf1 were classified as inhibitor-
sensitive deletion mutants with “low phenotype” (-, residual growth after 72 h); the growth phenotype of the 
other single gene deletion strains were considered “n.i”, no inhibition. 
 
7.3. Results 
7.3.1. Screening of genes conferring resistance to stress induced by 
cultivation in WSH 
Genome-wide identification of genes implicated in S. cerevisiae resistance to stresses 
induced by cultivation in an industrial WSH was based on the comparison of the 
susceptibility to this growth medium of the EUROSCARF haploid mutant collection 
(approximately 5100 mutants individually deleted for non-essential genes) with the 
corresponding parental strain BY4741. Two hundred and forty two mutant strains were 
found to be more susceptible to cultivation in WSH than the BY4741 parental strain, 
corresponding to approximately 5% of the strain collection tested. Two levels of inhibition 
were considered ((-) and (--)) based on increasing levels of growth deficiency of the 
deletion mutants tested in WSH, compared to the parental strain (Table S6).  
Clustering of the specific genes required for maximal tolerance to WSH-derived inhibitors, 
based on their biological process, was performed according to their associated GO terms, 
using the GOToolBox software (http://genome.crg.es/GOToolBox/). The frequency of 
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each biological class in the dataset under analysis was compared to that in the genome and 
a statistical test was applied to correct the data. The 242 identified genes were then 
predominantly associated to 6 enriched GO terms (those having an associated p-value 
below 0.01): “Vacuolar transport”, “Regulation of gene expression”, “Response to Nutrient 
levels”, “Cellular Ion Homeostasis”, “Vitamin Metabolic process”, and “Lipid metabolic 
process” (Figure 7.2). 
Based on this classification, and using the gene descriptions deposited in the 
Saccharomyces Genome Database (www.yeastgenome.org), Table S6, was put together, in 
which the 242 genes were grouped according to their biological functions. Among these 
biological functions, the most represented include Intracellular trafficking (34 genes), 
Trancriptional machinery and RNA processing (30 genes), Protein synthesis (17 genes), 
Lipid metabolism (14 genes), Amino acid metabolism (12 genes), Ion transport (10 genes), 
Vitamin metabolism (8 genes), Cell wall metabolism (8 genes), Stress response (7 genes), 
Vacuolar acidification (7 genes), Degradation (6 genes) and Folding (5 genes). 
 
 
 
 
 
 
 
 
 
Figure 7.2 - Clustering, based on biological function, of yeast determinants required for maximal tolerance 
to cultivation in Wheat Straw Hydrolysate (WSH). Genes were clustered using GOToolBox, and only classes 
(#genes>10) found to be statistically overrepresented in our dataset are displayed (p-value below 0.01). Black 
bars, gene frequency within each class in the WSH dataset; White bars, frequency registered for the whole 
genome. 
 
Biological functions, involving lipid metabolism, including ergosterol and phospholipid 
composition, had been previously found in relation to yeast resistance to furfural (Gorsich. 
Et al. 2006), vanillin (Endo et al. 2008) and acetic acid (Mira et al. 2010b). The same is 
also true for vacuolar function, which appears to be essential for the maintenance of 
intracellular and vacuolar pH levels and associated functions, affected by the presence of 
acetic acid (Mira et al. 2010c) and other growth inhibitors of relevance in the fermentation 
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industry (Teixeira et al. 2009; Teixeira et al. 2010). The importance of vacuolar function 
and intracellular trafficking may further relate to the requirement to target membrane 
transporters to overcome inhibitor stress imposed by acetic acid (Mira et al. 2010c).  
The observed diversity of biological functions found to be required for yeast resistance to 
cultivation in WSH is consistent with the complexity of this medium exhibiting multiple 
sources of stress. 
 
7.3.2. Genes required for maximal tolerance to cultivation in a SH  
Acetic acid and furan compounds (furfural and HMF), frequently the most dominant 
inhibitor cocktail present in plant-biomass hydrolysates, are also the main stress factors 
found to be present in the industrial WSH used in this study. Indeed, using HPLC analysis 
it was possible to assess that the concentration of furfural, acetic acid and HMF was of 4.5 
mM, 30 mM and 0.67 mM, respectively. Several studies, based on molecular biology and 
genome-wide approaches, aiming the elucidation of the mechanisms underlying yeast 
tolerance to each of these single stress agents were previously conducted (Liu 2011). In 
order to look further into the possibility that these stress agents may, when in combination, 
exert a non-additive toxic effect in yeast cells, a Synthetic Hydrolysate (SH) was devised, 
based on the supplementation of minimal YNB-derived medium with the exact same 
concentrations of furfural, HMF and acetic acid found in the used industrial WSH. The 
entire EUROSCARF collection was then screened for sensitivity mutants in this SH 
medium and two hundred and sixteen mutant strains were identified as displaying 
increased susceptibility to the simultaneous presence of acetic acid, furfural and HMF. 
Again using the gene descriptions deposited in the Saccharomyces Genome Database 
(www.yeastgenome.org), Table S7, was put together, in which these 216 genes were 
grouped according to their biological functions. Most of the biological functions found to 
be required for WSH resistance were also found to be required for SH resistance, although 
with different levels of relative importance. Indeed, the majority of the genes identified as 
determinants of resistance to WSH are also determinants of SH resistance. However, 59 
genes were found to be determinants of SH resistance alone, while 79 genes were 
identified as exclusively determining WSH resistance in yeast (Fig. S6). This difference 
highlights the importance of examining stress tolerance mechanisms beyond lab 
conditions, especially when aiming industrial applications, even when a combination of 
stresses is considered. 
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Among the groups of proteins found to be required for WSH resistance, but not for SH 
resistance, the following are highlighted: vitamin metabolic enzymes, including a number 
of those contributing to thiamine and pantothenate metabolism; proteins involved in iron 
limitation response, including the transcription factor controlling this response, Aft1, and 
the oxidoreductase required for high-affinity iron up-take, Fet3; subunits of the 
heteromeric cochaperon prefoldin complex, Gim3, Gim4 and Pac10, which plays a key 
role in the folding of actin, tubulin and other aggregation-sensitive polypeptides, thereby 
allowing their efficient folding (Siegers et al. 1999); microtubule dynamics related 
proteins, including Kar3, a microtubule motor, the Nip100 subunit of the dynactin 
complex, and the alpha-tubulin Tub3. 
On the other hand, some genes were found to be required for SH resistance but not for 
WSH resistance, including especially a number involved in phospholipid biosynthesis: the 
transcription factors INO2 and INO4, controlling the response to inositol depletion; IPK1, 
an inositol-1,3,4,5,6-pentakisphosphate 2-kinase, whose activity has been shown to be 
important for the process of mRNA export (York et al. 1999); and PDR17, a multidrug 
resistance phosphatidylinositol transfer protein, which downregulates Plb1p-mediated 
turnover of phosphatidylcholine. 
These differences are expected to result from the fact that the more complex WSH medium 
contains further stress sources than SH and is defective in some of the key nutrients that 
exist in the nutrient balanced SH medium. Interestingly, however, is the fact that WSH 
appears to exert a less stressing environment in terms of lipid homeostasis than the used 
SH medium, possibly relating to the fact that SH is derived from the minimal YNB-based 
growth medium. 
 
7.3.3. Comparison of the genes required for S. cerevisiae resistance to SH 
or WSH with those required for furfural or acetic acid resistance.  
Given that one of the key goals of this study is to understand the differences between 
analyzing the effect of individual stress agents and analyzing the effect of their 
combination, a comparison between the genes identified in this study as conferring 
resistance to SH with those previously identified as involved in acetic acid (Mira et al. 
2010) or furfural (Gorsich et al. 2006) tolerance was carried out. The intersection between 
the three datasets (Fig. S4B) reveals that there is little overlap between the identified 
furfural resistance determinants and those required for SH tolerance.  
Indeed, only 5.6% of the genes found to play a role in SH resistance were previously 
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involved in furfural tolerance, including PRS3, RPB4, RPE1, STB5, VMA8, ZWF1, also 
involved in acetic acid tolerance, and BUD27, DCC1, EAF7, FYV6, VMA22 and 
YDR049w. On the other hand, around 43% of the determinants of SH resistance had been 
previously identified as conferring acetic acid resistance, suggesting that this stress agent is 
a key factor in the toxicity exerted by the used SH. Significantly, however, is also the 
observation that more than 50% of the determinants of SH resistance were not found to be 
required for yeast tolerance to acetic acid or furfural. The finding of 117 genes that are 
required for the resistance to the SH formulation, but not to the individual stresses therein, 
reinforces the notion that studies carried out just looking at individual stress conditions do 
not provide a complete picture of what is going on in complex real-life stress 
environments. It also points out to a possible combinatorial, or eventually, synergistic 
action of acetic acid, furfural and HMF.  
This notion is also clear when comparing the identified determinants of WSH resistance 
with the furfural or acetic acid resistance determinant (Fig. S4C). Again, only a very small 
fraction of the WSH resistance determinants, 3.7%, are required for furfural tolerance, 
including PRS3, RPE1, STB5, VMA8 and ZWF1, also involved in acetic acid tolerance, and 
BUD27, DCC1, FYV6 and VMA22. On the contrary, 45.7% of the WSH resistance 
determinants are required for acetic acid tolerance. Despite this partial overlap, more than 
50% of the WSH resistance determinants are not necessary for yeast to tolerate stress 
induced by furfural or acetic acid alone.  
The functional groups exclusively represented in the WSH or SH datasets include vitamin 
metabolism, mitochondrial function, peroxisomal function, ribosome biogenesis and 
response to reactive oxygen species. The specific genes and gene-functions are indicated in 
Table 7.1. 
 
Table 7.1 - List of the most representative biological functions and associated genes whose deletion was 
found to decrease yeast susceptibility to Wheat Straw Hydrolysate (WSH) or Synthetic Hydrolysate (SH), 
but not to individual stresses exerted by furfural or acetic acid. Two levels of inhibition were considered ((-) 
and (--)) based on increasing levels of growth deficiency of the deletion mutants, compared to the parental 
strain. No inhibition (n/i) phenotypes are also represented. 
 
Gene name Description WSH SH 
Vitamin Metabolism 
PAN6 
Pantothenate synthase, also known as pantoate-beta-alanine ligase, required for 
pantothenic acid biosynthesis, deletion causes pantothenic acid auxotrophy, 
- (n.i) 
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homologous to E. coli panC 
THI2 
Zinc finger protein of the Zn(II)2Cys6 type, probable transcriptional activator of 
thiamine biosynthetic genes 
-- (n.i) 
THI3 
Probable alpha-ketoisocaproate decarboxylase; required for expression of enzymes 
involved in thiamine biosynthesis 
-- - 
Mitochondrial function 
FZO1 
Mitofusin; integral membrane protein involved in mitochondrial outer membrane 
tethering and fusion; role in mitochondrial genome maintenance 
- (n.i) 
MRPL3 Mitochondrial ribosomal protein of the large subunit - (n.i) 
MRPL32 Mitochondrial ribosomal protein of the large subunit - - 
MRPS35 Mitochondrial ribosomal protein of the small subunit - - 
PET20 
Mitochondrial protein, required for respiratory growth under some conditions and 
for stability of the mitochondrial genome 
- - 
PPT2 
Phosphopantetheine:protein transferase (PPTase), activates mitochondrial acyl 
carrier protein (Acp1p) by phosphopantetheinylation 
(n.i) - 
SSQ1  
Mitochondrial hsp70-type molecular chaperone, required for assembly of 
iron/sulfur clusters into proteins at a step after cluster synthesis, and for maturation 
of Yfh1p 
(n.i) - 
Peroxisomal function 
PEX6 
AAA-peroxin that heterodimerizes with AAA-peroxin Pex1p and participates in 
the recycling of peroxisomal signal receptor Pex5p from the peroxisomal 
membrane to the cytosol  
- -- 
PEX7 
Peroxisomal signal receptor for the N-terminal nonapeptide signal (PTS2) of 
peroxisomal matrix proteins 
- - 
PEX34 
Peroxisomal integral membrane protein that regulates peroxisome populations; 
interacts with Pex11p, Pex25p, and Pex27p to control both constitutive peroxisome 
division and peroxisome morphology and abundance during peroxisome 
proliferation 
- - 
Response to reactive oxygen species 
SOD1 Cytosolic copper-zinc superoxide dismutase - - 
SOD2 Mitochondrial manganese superoxide dismutase -- (n.i) 
Ribosome biogenesis 
ARX1 
Shuttling pre-60S factor; involved in the biogenesis of ribosomal large subunit 
biogenesis 
- - 
BUD21 
Component of small ribosomal subunit (SSU) processosome that contains U3 
snoRNA 
- (n.i) 
DBP7 
Putative ATP-dependent RNA helicase of the DEAD-box family involved in 
ribosomal biogenesis 
(n.i) - 
RPL13a Protein component of the large (60S) ribosomal subunit  - - 
RPL13B Protein component of the large (60S) ribosomal subunit - - 
RPL20b Protein component of the large (60S) ribosomal subunit - - 
RPL9b Protein component of the large (60S) ribosomal subunit  - - 
RPS16a Protein component of the small (40S) ribosomal subunit  - - 
RPS16b Protein component of the small (40S) ribosomal subunit - - 
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SFP1 
Transcription factor that controls expression of ribosome biogenesis genes in 
response to nutrients and stress 
- - 
SRO9 Cytoplasmic RNA-binding protein that associates with translating ribosomes - -- 
LOC1 
Nuclear protein involved in asymmetric localization of ASH1 mRNA; constituent 
of 66S pre-ribosomal particles 
- (n.i) 
REI1 
Cytoplasmic pre-60S factor; required for the correct recycling of shuttling factors 
Alb1, Arx1 and Tif6 at the end of the ribosomal large subunit biogenesis 
- (n.i) 
RML2 Mitochondrial ribosomal protein of the large subunit - (n.i) 
 
 
7.4. Discussion 
In this study, the determinants of yeast resistance to cultivation in industrial wheat straw 
hydrolysate (WSH) were identified.  
The understanding of the mechanisms of resistance to the individual stress agents that are 
present in WSH has been looked into in some detail in studies focused on specific 
mechanisms (Almeida et al. 2007; Liu 2011) but also on a genome-wide perspective 
(Gorsich et al. 2006; Endo et al. 2008; Mira et al. 2010b; Teixeira et al. 2009; Teixeira et 
al. 2010; Teixeira et al. 2011). However, the effect of the combination of these stresses in 
yeast cell ability to thrive and ferment in high yield has been mostly neglected. Although it 
is true that some studies have focused on the genome-wide response to lignocellulosic 
hydrolysates and related stresses (Mira et al. 2010b; Bajwa et al. 2013), or to the 
characterization of the genome-wide expression patterns in strains evolved to thrive in 
industrial hydrolysates (Almario et al. 2013), the fact is that the best way to characterize 
the mechanisms of resistance to a given stress is through the screening of systematic 
mutant libraries (Dos Santos et al. 2013). Using such an approach, 242 genes were found 
to be required for cultivation of S. cerevisiae cells in industrial WSH, half of them being 
linked to this phenomenon for the first time.  
Looking into more detail into the new insights provided by this work, our analysis was 
focused on the determinants of resistance to WSH cultivation that had not been previously 
identified as conferring resistance to stresses caused upon exposure to single stress agents 
present in WSH such as furfural (Gorsich et al. 2006) and acetic acid (Mira et al. 2010b). 
Among the 128 genes matching this criterion, a few functional categories were 
highlighted, including response to reactive oxygen species (ROS), mitochondrial function, 
ribosome biogenesis, peroxisomal function and vitamin metabolism. 
Two reactive oxygen species-responsive genes, namely those encoding the cytosolic, Sod1, 
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and mitochondrial, Sod2, superoxide dismutases, were found to confer WSH resistance, 
while only Sod2 was found to confer SH resistance and none was implicated in acetic acid 
or furfural resistance. HMF and furfural have been shown to affect redox metabolism, 
draining the cells of reductive power (Liu et al. 2009) and inducing the expression of genes 
involved in the redox balance of the cell (Bajwa et al. 2013). Consistently, among the 
proteins found to be required for furfural resistance are NADPH regenerating enzymes, 
such as those of the pentose phosphate pathway, but not ROS-responsive genes (Gorsich et 
al. 2006). The reason for this appears to relate to the ability of S. cerevisiae to convert 
furfural to furan methanol and HMF to furan di-methanol through multiple NADPH-
dependent aldehyde reduction, such as the reductases ALD4 and GRE3 (Siegers et al. 
1999).  
The involvement of Mitochondrial function in yeast resistance to WSH is in agreement 
with the increased transcript levels of some mitochondria-associated genes in response to 
acetic acid and furfural (Li and Yuan, 2010). Mitochondrial genes had also been previously 
linked to acetic acid resistance (Mira et al. 2010c), suggesting that, even in the presence of 
glucose, mitochondrial function is essential for tolerance to cultivation in WSH. Ribosome 
biogenesis genes was also found to increase yeast ability to grow in WSH.  The beneficial 
effect of the expression of these genes is in agreement with the dramatic increase of the 
degradation rate of ribosomal RNA in acetic acid-stressed cells (Mroczek and Kufel, 2008) 
However, it is interesting to point out that the ribosome- or mitochondria-related genes 
found to confer acetic acid resistance do not coincide with those conferring WSH 
resistance. Surprisingly, the expression of ribosomal genes, as well of genes functioning in 
the synthesis and transport of proteins, metabolism of carbohydrates, lipids, vitamins and 
vacuolar proteins, was found to decrease significantly in yeast T2 cells exposed to 
hardwood spent sulphite liquor (Bajwa et al. 2013). The huge difference between the genes 
found to be determinants of WSH and those up-regulated upon exposure to this stress 
environment reinforces the notion that gene expression analysis is not the single way to 
study resistance mechanisms. 
Peroxisomal function was also a new biological function associated to WSH resistance 
within this study. Although its precise role in stress resistance has been elusive, a recent 
study showed that under stress the peroxisome was the most severely affected 
compartment in terms of redox state and pH recovery (Ayer et al. 2013). Since both 
oxidative and acidic stress appear to be a clear consequence of the joint action of furfural, 
HMF and acetic acid, it is reasonable to assume that the deletion of peroxisomal genes 
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would increase the susceptibility of yeast cells to this combination of stress agents. It 
would be interesting to further inspect the role of peroxisomes in the maintenance of pH 
and redox balance under WSH stress. These results further suggest that conditions leading 
to peroxisomal proliferation might be beneficial for yeast cells to thrive in industrial WSH.  
Another finding of this study is the association of vitamin metabolism and WSH 
resistance. More specifically, most of the key enzymes and some regulators leading to the 
synthesis of pantothenate and thiamine were found to be determinants of WSH tolerance, 
but, in most cases, not required for SH resistance. Thiamine is an essential cofactor for 
enzymes that decarboxylate α-keto acids, including α-ketoglutarate dehydrogenase, 
branched-chain α-ketoacid dehydrogenase, and transketolase, during amino acid and 
carbohydrate metabolism, and has also been linked to the maintenance of NAD+ 
homeostasis (Li et al. 2010). Pantothenate, on the other hand, is a metabolic precursor to 
coenzyme A (CoA) and acyl carrier protein, which are also cofactors required by a large 
number of metabolic enzymes.  
The observation that the genes required for the biosynthesis of these vitamins are essential 
for WSH, and less significantly for SH, resistance, may reflect the fact that not only WSH 
contain a pool of synergistic stress agents, but might also be deficient in key nutrients, 
whose absence would impair S. cerevisiae ability to grown in inhibitory WSH.  
Interestingly, a small group of determinants of yeast resistance to cultivation in WSH were 
previously identified as conferring resistance to furfural during a chemogenomic analysis 
using standard laboratory conditions (Gorsich et al. 2006). This reinforces that these genes 
including PRS3, RPE1, STB5, VMA8 and ZWF1 play an important role on WSH resistance. 
In particular, Gorsich et al. (2006) showed that ZWF1 overexpression in S. cerevisiae 
allowed growth at furfural concentrations that are normally toxic confirmed a strong 
relationship between these genes and furfural tolerance complex (Gorsich et al. 2006). 
Altogether, results from this study suggest that the combination of acetic acid, furfural and 
the environment found in industrial WSH appears to exacerbate oxidative stress upon yeast 
cells, in a way that goes beyond the individual action of each of these stress agents. 
Based on the direct intersection of the genes previous identified as conferring resistance to 
lignocellulose biomass fermentation-related stresses, namely furfural, vanillin and acetic 
acid, ERG2, PRS3, RAV1, RPB4 and VMA8 were also reported to be required for cell 
viability maintenance and fermentation in wheat straw hydrolysate (Pereira et al. 2011b). 
Since our focus was the identification of genes whose expression confers simultaneous 
resistance growth and fermentation of inhibitory hydrolysates, the previous results from 
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Pereira et al. (2011b) obtained in fermentation tests mimicking industrial relevant 
conditions (limiting oxygen conditions) allow us to conclude about the feasibility of the 
screening strategy in solid growth media and confirm the importance of the identified 
genes in this screening study– PRS3, VMA8, ERG2, RAV1, RPB4 - for maximal tolerance 
to key inhibitors present in WSH. Interestingly, in this study ERG2 and PRS3 genes were 
again found to be required for simultaneous SH and WSH resistance, which highlight the 
importance of these genes in yeast global adaptation to lignocellulose-derived inhibitors. 
Knowledge-based medium manipulation or/and genetic engineering, after genome–wide 
identification of target genes, for improved S. cerevisiae tolerance appears as a promising 
approach that can be used, in combination with strain adaptation and fermentation control 
for the development of efficient lignocellulose-based ethanol processes. 
 
7.5. Conclusions 
Understanding fermentation inhibitor tolerance in yeasts at the genetic level is of 
considerable importance to the fermentation industry. The focused and more realistic 
screening strategy presented in this study proved to be useful in identifying genes involved 
in inhibitor tolerance. Specifically, the present genome-wide survey conducted in industrial 
WSH and SH uncovered 242 determinants of resistance. The results obtained highlight the 
relevance of the vacuolar acidification, ribosomal, mitochondrial and peroxisomal 
functions, microtubule biogenesis and dynamics and oxidative stress in WSH resistance in 
yeast. Finally, PRS3, VMA8, ERG2, RAV1 and RPB4 were highlighted as key genes on 
yeast tolerance and fermentation of industrial WSH. 
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CHAPTER 8 
Industrial robust yeast isolates with great potential for 
fermentation of lignocellulosic biomass  
 
Abstract 
The search of robust microorganisms is essential to design sustainable processes of second 
generation bioethanol. Yeast strains isolated from industrial environments are generally 
recognised to present an increased stress tolerance but no specific information is available 
on their tolerance towards inhibitors that come from the pretreatment of lignocellulosic 
materials. In this work, a strategy for the selection of different yeasts using hydrothermal 
hydrolysate from Eucalyptus globulus wood, containing different concentrations of 
inhibitors, was developed. Ten Saccharomyces cerevisiae and four Kluyveromyces 
marxianus strains isolated from industrial environments and four laboratory background 
strains were evaluated. Interestingly, a correlation between final ethanol titer and 
percentage of furfural detoxification was observed. The results presented here highlight 
industrial distillery environments as a remarkable source of efficient yeast strains for 
lignocellulosic fermentation processes. Selected strains were able to resourcefully degrade 
furfural and HMF inhibitors, producing 0.8 g ethanol/Lh corresponding to 94% of the 
theoretical yield. 
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8.1. Introduction 
Lignocellulose raw materials derived from agricultural, industrial and forest sources can 
provide environmental, economic and strategic benefits, not competing with food 
production, when used as sustainable feedstock in a biorefinery context (Ruiz et al. 2013). 
An example of these feedstocks is Eucalyptus globulus wood residues, such as bark, cross-
cut ends and wood chips resulted from kraft pulping processing, being that large amounts 
are currently being burned for electricity or heat production (Moshkelani et al. 2013). 
Therefore, a promising strategy for the valorisation of these residues could be its utilization 
as main feedstock for the production of bioethanol and other value-added products by 
incorporating a biorefinery unit in an operating paper industry (Mussatto et al. 2010; 
Phillips et al. 2013). 
Bioethanol from lignocellulose materials or also called second generation bioethanol is 
obtained by following main steps: i) pretreatment of lignocellulose biomass ii) 
saccharification of cellulose and iii) fermentation of glucose. The pretreatment is carried 
out to alter its recalcitrant structure (formed by hemicellulose, cellulose and lignin) and to 
improve the enzymatic accessibility towards cellulose. In this context, the hydrothermal 
treatment or autohydrolysis is an environmentally-friendly treatment that follows the 
biorefinery concept (Ruiz et al. 2013). The hydrothermal treatment allows obtaining a solid 
phase composed by cellulose and lignin and solubilising the hemicellulose fraction into 
hemicellulose-derived compounds (mainly oligo- and mono-saccharides) (Garrote et al. 
2008). Nevertheless, with the hardness of pretreament, some degradation products of both 
sugars and lignin are released in liquid hemicellulosic phase. These can be grouped around 
three main classes, weak acids, furans and phenolics compounds. While acetic acid, the 
most common weak acid derived from lignocellulosic hydrolysates, is formed by 
deacetylation of hemicelluloses, furan compounds, 2-furaldehyde (furfural) and 5-
hydroxymethyl-2-furaldehyde (HMF), are formed by dehydration of pentoses and hexoses, 
respectively (Pereira et al. 2011b). These degradation compounds are considered potent 
inhibitors of yeast growth and induce a harsh effect on yeast machinery reducing the 
ethanol yield and productivity (Modig et al. 2008). The presence of inhibitor compounds 
generated during the treatment is one of the major challenges faced in commercial 
production of lignocellulosic bioethanol (Palmqvist and Hanhn-Hägerdal, 2000).  
One approach to tackle the inhibitor challenge is by using natural robust yeast strains. 
Industrial isolates are known to be very robust, show higher fermentation capacity 
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(Mussatto et al. 2010; Pereira et al. 2010b) and stress tolerance that is developed in 
presence of stress factors related with harsh industrial processes such as: high sugar and 
ethanol concentrations, elevated temperatures, pH variations and presence of toxic 
compounds (Pereira et al. 2011b; Della-Bianca et al. 2013).  The microflora of traditional 
and industrial fermentation processes constitutes a potential source of microbial natural 
isolates that exhibit at least some of the desired physiological background characteristics 
for lignocellulosic fermentation even if they have not been traditionally exposed to these 
particular inhibitors. Some strains of Saccharomyces cerevisiae isolated from Brazilian 
sugarcane-to-ethanol distilleries (“cachaça” and bioethanol plants) have shown high 
fermentation efficiency with prolonged persistence in the fermentation system (Basso et al. 
2008; Pereira et al. 2010b; Pereira et al. 2011a; Pereira et al. 2012). Also, a flocculating 
strain isolated from a Swedish second generation Bioethanol plant showed high tolerance 
to ethanol, osmotic stress and inhibitor presence (Westman et al. 2012). On the other hand, 
the evaluation of industrial strains as Kluyveromyces marxianus can be interesting since 
these yeasts are able to work at elevated temperatures and ferment glucose and xylose 
(Fonseca et al. 2008), desirable properties for a cost-efficient process. Moreover, the 
environmental conditions of stress are related with the expression of flocculent character of 
some laboratory strains. This characteristic could be helpful for lignocellulosic ethanol 
production (Landaeta et al. 2013). Despite being potential candidates to overcome the 
stressful conditions imposed to yeast cells in lignocellulosic fermentation processes and 
thus to drive this technology further, the use and characterization of these isolates in 
lignocellulosic fermentations has not been reported.  
In order to select a promising yeast strain for lignocellulosic fermentation we conducted in 
this study a screening comprising ten S. cerevisiae and four K. marxianus strains isolated 
from harsh industrial environments and four laboratory background strains. For a more 
dose-to-reality approach, the inhibitor tolerance and fermentation performance was 
evaluated using a real hydrolysate from hydrothermally pretreated Eucalyptus globulus 
wood (containing inhibitory compounds). 
 
8.2. Materials and Methods 
8.2.1. Yeasts 
The strains tested in this work included ten industrial S. cerevisiae strains: three isolated 
from Brazilian bioethanol production plants – PE-2, CAT-1, VR-1 (Basso et al. 2008); one 
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flocculating yeast strain isolated from a Swedish second generation bioethanol plant – 
CCUG53310 (Purwadi et al. 2007); five belonging to the UFLA collection (Federal 
University of Lavras, Brazil) isolated from Brazilian ”cachaça” fermentation processes – 
CA11, CA1162, CA1185, CA1187, CA155 (Pereira et al. 2010b) and one industrial S. 
cerevisiae strain isolated from a beer plant (Portugal) – 1762 BELG. Four industrial K. 
marxianus strains isolated from “cocoa” fermentations (Brazil) – CH2-2, CH9-1, CH8-1 
and CH1-1 (Pereira et al. 1999). The set of S. cerevisiae laboratory strains (routinely used 
in research laboratory) included CEN.PK 113-7D (Pereira et al. 2010b), NRRL Y-265 
(Hojo et al. 1999) and an adapted laboratory strain of the flocculating yeast NRRL Y-265-
ADAPT (Landaeta et al. 2013). For comparative propose, the K. marxianus CBS 6556 
laboratory background strain was also included (Ribeiro et al. 2007). Stock cultures were 
maintained on YPD [1% (w/v) yeast extract, 2% (w/v) bacto-peptone and 2% (w/v) 
glucose] agar plates at 4 ºC. 
 
8.2.2. Preparation of Eucalyptus globulus wood (EGW) hydrothermal 
hydrolysate 
The chips of Eucalyptus globulus wood (kindly provided by pulp mill - ENCE, 
Pontevedra, Spain) were milled to pass an 8 mm screen, air-dried, homogenized and stored 
until use. The raw material was then assayed for composition (see Table 8.1) according to 
Romaní et al. (2010).  The hydrothermal treatment was carried out following the procedure 
described by Romaní et al. (2010). Briefly, the EGW was mixed with water at a Liquid 
Solid Ratio (LSR) = 8 kg/kg in a 3.75 L stainless steel reactor (Parr Instruments Company, 
Moline, IL). The treatment was performed at 150 rpm and heated at desired maximal 
temperature (Tmax) of 210 ºC in non-isothermal conditions, following the standard heating 
temperature-time profile (Garrote et al. 2008). The operational conditions of treatment 
were chosen on the basis of a previous work in which total saccharides released upon 
pretreatment achieved the maximum value (93.8 % of polysaccharide recovery) in the 
liquid and solid phases (Romaní et al. 2010). When the temperature was reached, the 
media were immediately cooled. The solid and liquid phases were separated by vacuum 
filtration. The hardness of treatment can be expressed as severity (S0), defined as follow 
(Lavoie et al. 2010): 
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(1) 
 
where T(t) stands for the time-temperature profile (including heating and cooling). 
Calculations were made assuming the values usually employed in literature (TREF = 100 
ºC, ω = 14.75 ºC). After, the solid phase was recovered and washed with distilled water for 
solid yield (SY) determination. The composition of treated solid was analysed using the 
same methods as for raw material. An aliquot of liquid phase (hydrolysate) was filtered 
(0.45 µm) and directly analysed by HPLC for monosaccharides (glucose, xylose and 
arabinose) and inhibitory compounds (acetic acid, furfural and HMF). A second aliquot 
was subjected to quantitative post-hydrolysis with 4% (w/w) sulphuric acid (121ºC and 20 
min) for oligosaccharides quantification. The post-hydrolysate was analyzed by HPLC. A 
third aliquot was dried at 105 ºC to constant weight for the non-volatile compounds 
(NVC).  A resume of the liquid hemicellulosic liquor and pre-treated solid characterization 
is reported in Table 8.1. 
 
Table 8.1 - EGW characterization concerning raw material composition, solid yield and composition of solid 
pre-treated and hemicellulosic liquor phase (hydrolysate). 
EGW composition g/100 g raw material, oven dry basis 
Glucan 44.7 ± 0.81 
Xylan 16.01 ± 0.35 
Arabinan 1.09 ± 0.05 
Acetyl groups 2.96 ± 0.28 
Klason lignin 27.7 ± 0.61 
EGW pre-treatment * g/100 g raw material, oven dry basis 
SY (Solid Yield) 71.66 
NVC (Non-volatile compounds) 14.91 
Solid phase analysis g/100 g pre-treated solid 
Glucan 59.26 ± 0.47 
Xylan 1.95 ± 0.10 
Arabinan 0 
Acetil groups 0.29 ± 0.06 
Klason Lignin 33.60 ± 0.5 
Liquid phase analysis  g/1 L hemicellulosic liquor 
Glucose 0.64 
Xylose 8.85 











 
  dt
TtT
S
t
REF
0
0
)(
explog

CHAPTER 8 
Francisco B. Pereira  129  Universidade do Minho, 2014 
Arabinose 0.18 
Acetic Acid 3.11 
HMF 0.33 
Furfural 1.66 
Glucooligosaccharides 1.15 
Xylooligosaccharides 8.97 
Arabinooligosaccharides 0 
Acetyl groups 2.55 
Phenolic Compounds 2.01 
* EGW pre-treatment: Tmax=210ºC or S0= 4.08 
 
Prior to its use for yeast growth, the hemicellulosic liquor was centrifuged for 10 min at 
9000 rpm (4°C) to remove the solid fraction, the pH was adjusted to 4.5 (NaOH 1M) and 
then sterilized at 121 ºC for 20 min. Afterward, the hemicellulosic liquor containing a 
residual glucose content (< 1g/L) was supplemented with synthetic glucose to a final 
concentration of 114 g/L allowing the comparison of the ethanol yields for all strains 
tested. The compounds present in the hydrolysate were diluted 1.42 times when the 
hydrolysate was supplemented with a concentrated dissolution of glucose resulting a final 
concentration of inhibitors of Furfural 1.1 g/L, HMF 0.2 g/L and Acetic acid 2.3 g/L. 
 
8.2.3. Fermentations 
The yeast for inoculation was grown in Erlenmeyer flasks filled with medium containing 
50 g/L glucose, 20 g/L peptone and 10 g/L yeast extract. After incubation at 30º C and 200 
rpm for 18–22 h (OD600 of 3–4), the cell suspension was aseptically collected by 
centrifugation (10 min at 7500xg, 4 ºC) and resuspended in 1.5% (w/v) NaCl (pH 3.0) to a 
concentration of 200 mg fresh yeast/mL.  
Shake-flask fermentations were performed in 100 ml Erlenmeyer flasks fitted with 
perforated rubber stoppers enclosing glycerol-locks (to permit CO2 exhaustion while 
avoiding the entrance of air) and incubated at 30 ºC with 150 rpm orbital agitation. Before 
pitching, the fermentation medium was aerated by stirring with a magnetic bar (length of 3 
cm) at >850 rpm for 20 min before inoculation, to achieve an oxygen concentration of 
>95% saturation. Then, yeast cells were pitched at about 30x10
6
 cells/mL into 30 mL of 
hydrolysate medium to start the fermentation. The fermentation evolution was monitored 
by mass loss and samples for analyses were taken just at the ending point.  
Bioreactor fermentation of selected strain was performed in a 2-L stirred tank bioreactor 
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(Autoclavable Benchtop Fermenter Type R'ALF, Bioengineering AG, Wald, Switzerland) 
containing 1 L of hydrolysate medium inoculated with 5 mg fresh yeast/mL. After total 
oxygen consumption by yeast (until 1 h of fermentation), the oxygen concentration into the 
reactor was maintained at 0 g/L under a continuous nitrogen flow. The fermentation run 
was performed at 30 ºC and 150 rpm. Several samples were taken at different points in 
time to evaluate glucose, glycerol, ethanol and inhibitor kinetics profiles.  
 
8.2.4. Analytical procedures 
The concentrations of glucose, xylose, arabinose, glycerol, ethanol, acetic acid, furfural 
and HMF in the EGW hydrolysate prepared as described above, were quantified by high 
performance liquid chromatography (HPLC). Glucose, xylose, arabinose, glycerol, ethanol 
and acetic acid were quantified upon separation of an aliquot of the hydrolysate in a Varian 
MetaCarb 87H column, eluted at 60°C with 0.005 M sulfuric acid, at a flow rate of 0.7 
mL/min. The peaks corresponding to glucose, xylose, arabinose, glycerol and ethanol were 
detected using a refractive index detector, whereas acetic acid, furfural and HMF were 
detected using an UV detector set at 210 nm. Total phenolic compounds in hydrolysate and 
fermentation media were determined by absorbance readings (OD720), of the complex 
formed with the Folin-Ciocalteu reagent, as described in Conde et al. (2011). A standard 
curve with caffeic acid was used to determine the concentration of phenolic compounds, 
expressed as caffeic equivalents.  
 
8.2.5. Determination of fermentation parameters 
Ethanol conversion yield (Y) was calculated by the ratio between the final ethanol 
concentration produced (Pf) and the glucose consumed (difference between the initial (Si) 
and residual glucose (Sf) concentrations). It was expressed as a percentage (%) of the 
theoretical conversion yield, i.e. the yield considering a production of 0.511 g of ethanol 
per g of glucose. Ethanol productivity (q, g/Lh) was defined as the ratio between final 
ethanol concentration (Pf) and total fermentation time (fermentation was considered to be 
complete when the weight of the flasks stabilized, tf).  

Y 
Pf
Gi G f  0.511
100    (2) 
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
q 
p f
t f
     (3)  
 
8.3. Results and Discussion 
8.3.1. Fermentation performance in hydrolysate medium 
Using an inhibitory Eucalyptus globulus wood (EGW) hydrolysate (Furfural 1.1 g/L, HMF 
0.2 g/L and Acetic acid 2.3 g/L) as fermentation medium, the inhibitor tolerance and 
fermentation performance of 14 strains isolated from different industrial fermentation 
environments and 4 laboratory background strains were investigated. Figure 8.1 shows the 
time-course of CO2 production (mass loss) for the 18 strains tested. These profiles allowed 
the evaluation of fermentation evolution since, under the oxygen-limiting conditions used 
in this study, the patterns of CO2 and ethanol production are closely related, because most 
CO2 originates from the fermentative pathway. The final ethanol and residual glucose 
concentrations attained by each strain as well as their batch ethanol productivity and 
ethanol conversion yield are shown in Table 8.2. 
Analyzing the results from CO2 production profiles (Figure 8.1) and kinetic fermentation 
parameters (Table 8.2), S. cerevisiae strains isolated from sugarcane-to-ethanol distilleries 
(bioethanol and “cachaça”) presented a good fermentation performance in EGW 
hydrolysate, while the others industrial K. marxianus isolates and, mainly, the laboratory 
background strains were strongly inhibited in the fermentation medium. PE-2 strain, 
isolated from a Brazilian bioethanol production plant, showed the better CO2 production 
profile (faster fermentation rate) attaining a final ethanol concentration of 55 g/L, with 
fermentation reaching completion in less than 70 h. The fermentation behavior of CAT-1 
(isolated also from a Brazilian bioethanol distillery) and CCUG53310 (isolated from a 
Swedish second generation bioethanol plant) were similar, with fermentation being slightly 
slower (Figure 8.1A). Fermentation by strain VR-1 (also isolated from a Brazilian 
bioethanol distillery) was much slower taking over 120 h to reach completion, but as can 
be seen in Table 8.2, the final ethanol titre reached was similar (53-54 g/L). These four 
industrial isolates were able to completely consume initial glucose concentrations close to 
114 g/L (Table 8.2), with ethanol yields between 92 to 94 % of the theoretical (Table 8.2). 
The fermentation ability of these isolates can be differentiated analysing their values of 
batch ethanol productivity (Table 8.2). In this case, the PE-2 isolate showed a faster rate of 
sugar utilization than the other industrial isolates presenting ethanol productivity close to 
0.8 g/Lh (Table 8.2), which was 1.6-fold higher in comparison to VR-1, CAT-1 and 
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CCUG53310 yeast strains. Contrarily to the strains isolated from bioethanol plants, 1762 
BELG strain (isolated from a Portuguese beer plant) was strongly inhibited when 
inoculated in toxic EGW hydrolysate, being unable to start the fermentation process even 
after 160 h (see Figure 8.1A). Interestingly, this observation confirms that strains isolated 
from stressful industrial environments (such as Brazilian distilleries) are more prepared to 
cope with biomass fermentations related stresses, namely nutrient starvation, the absence 
of oxygen or the presence of inhibitory compounds in fermentation medium, comparing to 
strains isolated from less stressful environments as beer fermentation plants. 
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Figure 8.1 - Profiles of CO2 production obtained in EGW hydrolysate fermentations with ca. 114 g/L 
glucose: (A) Industrial strains isolated from first generation bioethanol (PE-2, VR-1 and CAT-1), second 
generation bioethanol (CCUG53310) and beer (1762 BELG) plants; (B) Industrial strains isolated from 
Brazilian “cachaça” (CA11, CA155, CA1162, CA1187, CA1185) and cocoa fermentations (CH2-2, CH9-1, 
CH8-1 and CH1-1); (C) Laboratory background strains (K. marxianus CBS 6556, CEN.PK 113-7D, NRRL 
Y-265 ADAPT and NRRL Y-265). 
 
Among the strains isolated from “cachaça” and cocoa fermentations in Brazil, CA1185 
converted the glucose to ethanol much faster than the other industrial isolates (see Figure 
8.1B). Moreover, this strain fermented all of the glucose (residual of 0.0 g/L) producing 51 
g/L of ethanol with a productivity of 0.53 g/Lh (Table 8.2). The other industrial isolates 
such as CA11, CA155 and CA1187 produced an ethanol concentration between 50 to 53 
g/L with ethanol productivities between 0.31 to 0.49 g/Lh and values of ethanol conversion 
yield in a range of 87-94 % (Table 8.2). CA1162 strain showed the lowest fermentation 
performance corresponding to a batch productivity of 0.25 g/Lh, left a residual of ca. 18 
g/L of glucose unfermented after 160 h and consequently produced only 41 g/L ethanol 
(Figure 8.1B; Table 8.2). Fermentations by K. marxianus isolates (isolated from Brazilian 
cocoa fermentation plants) such as CH2-2, CH9-1, CH8-1 and CH1-1 were much more 
slower comparing to the CO2 fermentation progress of the other above-referred S. 
cerevisiae industrial strains (Figure 1C). CH2-2, CH9-1 and CH8-1 isolates left a glucose 
residual over than 100 g/L even after 160 h of fermentation, while the CH1-1 isolate 
showed the better fermentation performance attaining an ethanol concentration of 21 g/L 
after 160 h, which corresponds to an ethanol productivity of 0.13 g/Lh.  
Figure 8.1C illustrate the CO2 production profiles of laboratory background strains. All S. 
cerevisiae strains (CEN.PK 113-7D, NRRL Y-265 and NRRL Y-265 ADAPT) were 
strongly inhibited in this toxic EGW hydrolysate, being these strains unable to start the 
fermentation process even after 160 h. The K. marxianus CBS 6556 was capable to begin 
the fermentation (Figure 8.1C) presenting a final ethanol concentration of 9 g/L 
corresponding to an ethanol theoretical yield of 64 %. The fermentation behavior of this 
laboratory K. marxianus strain was similar to the industrial K. marxianus isolate CH1-1, 
with fermentation being slightly slower (Figure 8.1) and attaining also a lower ethanol titer 
at the end of fermentation process (Table 8.2). 
All together, our results showed the superior ability of the industrial S. cerevisiae strains 
isolated from industrial distilleries (bioethanol and “cachaça”) to convert sugars into 
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ethanol at a faster rate comparing to the S. cerevisiae beer strain and to the industrial K. 
marxianus isolates and laboratory background strains.  
 
Table 8.2 - Kinetic parameters of the 18 strains tested in EGW fermentations. Values are average of 
independent biological replicates. 
Ew 
 
References 
Residual 
Glucose (g/L) 
Final Ethanol 
(g/L) 
Ethanol 
productivity (g/Lh) 
Ethanol, % of the 
theoretical yield 
Saccharomyces cerevisiae     
PE-2 
Basso et al. 
(2008) 
0.1±0.1 54.6±0.3 0.78±0.01 94±1 
VR-1 0.0±0.0 54.1±1.9 0.52±0.02 93±3 
CAT1 0.0±0.0 53.8±0.2 0.49±0.00 92±0 
CCUG53310 
Purwadi et al. 
(2007) 
0.0±0.0 54.4±0.3 0.49±0.00 93±1 
CA11 
Pereira et al. 
(2010b) 
8.9±1.2 50.8±2.6 0.31±0.02 94±4 
CA155 0.1±0.0 53.1±0.4 0.37±0.00 91±1 
CA1162 17.6±0.4 41.1±0.1 0.25±0.00 83±1 
CA1187 0.0±0.0 50.9±2.0 0.49±0.02 87±3 
CA1185 0.0±0.0 51.3±0.4 0.53±0.00 88±1 
1762 BELG 
Portuguese 
beer plant 
104.0±1.7 0.9±0.1 0.01±0.00 18±1 
CEN.PK 113-7D 
Pereira et al. 
(2010b) 
86.8±6.9 0.7±0.1 0.00±0.00 5±0 
NRRL Y-265 
Hojo et al. 
(1999) 
103.9±0.4 2.0±0.6 0.01±0.00 39±9 
NRRLY-265 ADAPT 
Landaeta et al. 
(2013) 
107.7±0.6 0.9±0.1 0.01±0.00 28±1 
Kluyveromyces marxianus     
CH2-2 
Pereira et al. 
(1999) 
107.9±1.6 2.3±0.8 0.01±0.01 73±7 
CH9-1 103.2±1.7 0.2±0.2 0.00±0.00 3±3 
CH8-1 108.2±1.2 0.2±0.2 0.00±0.00 9±8 
CH1-1 68.5±4.2 21.0±2.6 0.13±0.02 90±3 
CBS 6556 
Ribeiro et al. 
(2007) 
87.1±0.6 8.9±0.9 0.05±0.01 64±8 
 
Interestingly, during several years, PE-2 and CAT-1 isolates have shown highest 
dominance and persistence in Brazilian distilleries being widely adopted by the industry 
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(Amorim et al. 2011). Also, PE-2 and CA1185 isolates were previously selected for very 
high gravity (VHG) batch fermentations based on their higher ethanol titer and 
productivity during a yeast screening (Pereira et al. 2010b). Moreover, their robust 
physiological background under these intensified fermentation conditions was 
characterized, both demonstrating an improved accumulation of trehalose, glycogen and 
sterols relatively to CEN.PK 113-7D laboratory strain (Pereira et al. 2011a). In spite of the 
previous demonstrated robustness of these isolates its fermentation performance in a 
medium to which these yeasts were not adapted, is remarkable. 
Previous studies have investigated the performance of various laboratory background 
strains (Modig et al. 2008), metabolic recombinant strains (Hawkins and Doran-Peterson, 
2011) and commercially available industrial strains (Brandberg et al. 2004; Kasavi et al. 
2012) and high heterogeneity among the tested strains was also found. Brandeberg et al. 
(2004) studied different strains of S. cerevisiae (seven different commercially available 
industrial strains, one CBS 8066 laboratory strain and one ATCC 96581 strain isolated 
from spent sulphite liquor at Swedish pulp plant) and found differences among strains of 
45% less ethanol production. The strain isolate from bioethanol plant was the most 
efficient producer of ethanol, which is expectable as the strain was already adapted to the 
substrate. In other study, a set of S. cerevisiae strains (isolated from wines, grape marcs 
and beer), a robust industrial strain (MH100) and the type strain S. cerevisiae (DSM70449) 
were evaluated to ferment wheat bran hydrolysates (Favaro et al. 2013). Interestingly, 
these authors concluded that the S. cerevisiae MEL2 strain isolated from grape marcs 
showed a fermentative efficiency much higher than the industrial S. cerevisiae DSM70449, 
which has been used to produce ethanol from different lignocellulosic substrates 
 
8.3.2. Inhibitory compounds in fermentation medium 
During the hydrothermal treatment, numerous compounds are generated, many of which 
inhibit microbial growth and metabolism, affecting the fermentation process (Palmqvist 
and Hahn-Hägerdal 2000; Liu 2006). Several works have reported that the synergist effect 
of inhibitory compounds is higher than the single inhibitory compound (Liu et al. 2004; 
Tian et al. 2009). Therefore, the final concentration of inhibitors (acetic acid, phenolic 
compounds, HMF and furfural) in fermentation medium was quantified and is shown in 
Figure 8.2.  
During the fermentations trials, acetic acid concentration in all set of experiments varied in 
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the range 1.8-2.9 g/L (average content of 2.5 g/L). The slight increase observed in most of 
experiments (from initial concentration of 2.3 ± 0.2 g/L to maximal concentration of 2.9 ± 
0.03 g/L, see Figure 8.2) can be due to a production of acetic acid during the fermentation 
process. Interestingly, HMF and furfural concentrations decreased (0.31 to 0 and 1.18 to 0 
g/L, respectively) in fermentation assays carried out by “Brazilian bioethanol” and 
“cachaça” strains (Figure 8.2A and 8.2B). Moreover, it was not observed a significant 
variation in the concentrations of phenolic compounds (0.8-0.91 g/L) in most of strains, 
except NRRL Y265 and Y265-ADAP (0.5 g/L) (see Figure 8.2C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2 - Phenolic compounds, acetic acid, furfural and HMF concentration in the initial medium and at 
the end of EGW fermentations by (A) Industrial strains isolated from first generation bioethanol (PE-2, VR-1 
and CAT-1), second generation bioethanol (CCUG53310) and beer (1762 BELG) plants; (B) Industrial 
strains isolated from Brazilian “cachaça” (CA11, CA155, CA1162, CA1187, CA1185) and cocoa 
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fermentations (CH2-2, CH9-1, CH8-1 and CH1-1); (C) Laboratory background strains (K. marxianus CBS 
6556, CEN.PK 113-7D, NRRL Y-265 ADAPT and NRRL Y-265). 
 
In the fermentations carried out by strains isolated from bioethanol plants, the final HMF 
concentration was in the range of 0.05-0.11 g/L (Figure 8.2A). On the other hand, the 
strains isolated from Brazilian “cachaça” fermentation processes were able to degrade the 
HMF to concentrations lower than 0.06 g/L, except for CA11 (0.19 g/L), see Figure 8.2B. 
Among industrial K. marxanius strains, CH1-1 and K. marxianus CBS 6556 consumed the 
HMF, achieving a final concentration of 0.09 g/L. The laboratory strains and the isolated 
strain from beer plant were not able to metabolize the HMF. The studied strains degraded 
furfural (see Figure 8.2A and 8.2B) in most of the experiments. However, the laboratory 
strains and K. marxanius (CH2-2, CH9-1 and CH8-1) showed a final furfural range of 
0.38-0.77 g/L and 0.3-0.51 g/L, respectively (see Figure 8.2B and 8.2C). 
The improved ethanol fermentation performance of industrial background strains could be 
related with their higher capacity of furan degradation as can be observed in Figure 8.3. 
During the lag phase of fermentation, inhibitory compounds derived from pretreatment 
step such as furfural, HMF and some phenolic derivatives can be detoxified by yeast cells 
(Almeida et al. 2009). Yeast strains are able to reduce the furfural and HMF to their 
corresponding alcohols, which are less inhibitory (Liu et al. 2011). However, as can be 
observed in Figures 8.3, the rates for this reduction vary considerably between strains. In 
Figure 8.3B, it can be observed that K. marxianus (CH2-2, CH9-1 and CH8-1) and 
laboratory strains were not able to degrade HMF, with exception of CH1-1. On the other 
hand, PE-2 and CCUG53310 industrial strains obtained higher ethanol concentrations and 
productivities and present a full degradation of the furan compounds (see, Figure 8.3). As 
general trend, strains isolated from Brazilian ethanol plant and “cachaça” fermentations 
showed higher detoxification percentage of furans and ethanol production than the 
laboratory background strains and K. marxianus yeasts. Brandeberg et al. (2004) reported 
an efficient conversion of HMF by isolated strain from spent sulphite liquor from Swedish 
pulp plant (ATCC 96581). In this case, the authors proposed that the same enzymes were 
involved in both process (ethanol production and furan conversion). The alcohol 
dehydrogenase may reduce the aldehyde group of furfural, therefore a high activity of 
alcohol dehydrogenase could benefit the conversion of furfural and the production of 
ethanol (Branderberg et al. 2004; Lui et al. 2004). 
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Figure 8.3 - Final ethanol concentration (g/L) as a function of detoxification percentage (%) of: (A) furfural; 
(B) HMF for different screened yeast strains. 
 
Moreover, Westman et al. (2012) observed a higher HMF and furfural consumption by the 
flocculating strain (CCUG53310) in comparison with the laboratory strain (CBS8066). 
Interestingly, in the present work the strains isolated from Brazilian ethanol plants and 
“cachaça” fermentations were able to detoxify the furan compounds as the isolates from 
industrial 2
nd
 generation ethanol plants.  
 
8.3.3. Furfural-HMF complex detoxification   
The presence of furfural and HMF in the fermentation medium has been associated with a 
negative influence on microbiology physiology, causing cell growth inhibition, decreasing 
ethanol productivity, DNA damaging and inhibiting of several enzymes participating in 
glycolysis (Almeida et al. 2009). Nevertheless, several studies show that the tolerance to 
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inhibitory compounds depends on the microbial strain due to different features of cell 
membranes and metabolism (Klinke et al. 2004). On the basis of fermentation trials results 
(Table 8.2), the strains PE-2 and CCUG53310 were selected, since the fermentation 
parameters (Y and q) were the most promising. To further study the detoxification capacity 
of these strains, the furfural and HMF concentrations were measured during the 
fermentation (see Figure 8.4).  Figure 8.4A shows the ethanol concentration and furfural 
degradation. Furfural was rapidly consumed and the maximum ethanol concentration was 
achieved at 65 h of fermentation. The main difference observed between the two strains 
was the furfural degradation. The PE-2 was able to detoxify furfural content to 0.05 g/L 
after 5h (3.6 fold less time than CCUG53310). On Figure 8.4A, it can also be seen that the 
lag phase was prolonged (< 5 h) until the furfural was degraded.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4 - Kinetics of bio-detoxification of EGW hydrolysate by the industrial S. cerevisiae strains PE-2 
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and CCUG53310. (A) Furfural degradation profile; (B) HMF degradation profile. 
 
Using a medium with 10 mM furfural and HMF, an ethanologenic industrial S. cerevisiae 
(ATCC 211239) showed a lag phase of 8 and 4 h, respectively (Liu et al. 2004). Tian et al. 
(2009) reported a lag phase of 4 h in a supplemented media with furfural and HMF (1 g/L), 
using strains developed in their laboratory and an increase of lag phase of 20 h with 4 g/L 
of furfural and HMF. In these works, it was observed that furfural shows a higher 
inhibitory effect on yeast cells than HMF at the same concentrations (Liu et al. 2004; Tian 
et al. 2009).  
Figure 8.4B shows the HMF degradation (0.3 to 0.1 g/L) representing 67 % of total 
conversion in 16 h. The HMF degradation profiles were similar for both strains. These data 
are in agreement with the literature (Pawari et al. 2007; Westman et al. 2012) that reported 
above 90 % conversion of HMF and furfural.  
The higher ability of PE-2 and CCUG533010 industrial isolates to consume sugar and 
produce ethanol using an inhibitory EGW hydrolysate as fermentation medium could be 
related to the higher tolerance and general robustness to fermentation-related stresses 
previously attributed to these industrial isolates (reviewed by Della-Bianca et al. 2012; 
Westman et al. 2012). The PE-2 is one of the ethanol producer strains that has showed a 
higher dominance in the stressful industrial environments (remarkable sources of robust 
yeast strains) and has been used as a reference industrial isolate (Della-Bianca et al. 2012). 
Several studies show its higher ethanol tolerance appropriate for very high gravity 
fermentation, achieving final ethanol concentrations > 19 % (v/v) and productivity > 2.5 
g/Lh in comparison with laboratory strains (CEN.PK 113-7D) (Pereira et al. 2010b; Pereira 
et al. 2011a). On the other hand, Westman et al. (2012) showed the inhibitor tolerance of S. 
cerevisiae CCUG53310 when compared with the S. cerevisiae CBS8066. These authors 
characterized the strain CCUG53310 for successful application and optimization in an 
industrial bioethanol production. The flocculating strain was able to consume the furfural 
and HMF (decrease of 93 and 99%) while the laboratory strain (CBS8066) removed 10 
and 67 % of HMF and furfural, respectively. Consequently, the productivity of 
lignocellulosic hydrolysate fermentation is highly dependent of the microorganism 
tolerance to inhibitory compounds derived from biomass pretreatment step and its 
fermentation capacity in that toxic environment. Then, the choice of strain will be of 
utmost importance for overall process optimization. 
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8.3.4. Batch ethanol production in a 2L-Reactor 
High tolerance to inhibitors of robust industrial strain is one of the main keys for 
bioethanol production from lignocellulosic materials (Liu, 2006). As showed above, PE-2 
strain showed the best performance in terms of fermentation and degradation of furan 
compounds.  
Once the ethanol fermentation was studied in Erlenmeyer flasks, a final fermentation was 
carried out in a 2L batch reactor using the PE-2 strain, in order to confirm the results with a 
scaling up. Figure 8.5 shows the fermentation profile (glucose consumption and ethanol 
production) as well as the degradation kinetics of furfural and HMF. The difference of 
ethanol concentration between the assays in Erlenmeyer flask and reactor (54 and 43 g/L, 
respectively) was due to a difference in initial available glucose concentration (114 and 85 
g/L, respectively). The ethanol conversion (Y) was 98% and maximal productivity (q=0.78 
g/Lh) was achieved at 48 h. The degradation of furans compounds was very similar to the 
one observed in the experiment conducted in Erlenmeyer flask (Figure 8.4). Furfural was 
consumed in less of 6 h and the HMF content decreased to less of 67 % in 24 h. These 
results confirm a high reproducibility of ethanol production in batch reactor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 - Glucose, ethanol, furfural and HMF profiles during 2L reactor fermentation by the industrial S. 
cerevisiae PE-2 strain. 
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8.4. Conclusions 
This work highlights the importance of strain selection for the application in 
lignocellulosic hydrolysates and demonstrates that the ability for furan compounds 
degradation is variable among yeast strains and determinant for efficient ethanol 
production from hydrolysates. Fermentation results showed the superior ability of the 
industrial S. cerevisiae strains isolated from industrial distilleries comparing to the 
industrial K. marxianus isolates, S. cerevisiae beer isolate and laboratory strains. Isolates 
PE-2 from 1
st
 generation bioethanol plant and CCUG53310 from 2
nd
 generation bioethanol 
plant were the most efficient strains presenting a final ethanol concentration of 55 g/L with 
the first showing higher ethanol productivity (0.8 g/Lh). 
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The major challenges and technological efforts regarding the industrial implementation of 
cost-competitive bioethanol production processes are closely related to the generation of 
high ethanol titres at the end of the process. Therefore, process intensification by operating 
at (Very) High Gravity conditions is now considered a key issue in the bioethanol industry. 
Implementation of such technology is possible if all process steps are performed at high 
substrate concentration and requires the optimization of the most costly steps, including 
pretreatment technology and conversion techniques, i.e. enzymatic hydrolysis and 
fermentation.  
This thesis focused on the development of efficient 1
st
 and 2
nd
 generation bioethanol 
production processes running at high substrate concentration. The studies addressed the 
optimization of fermentation-related conditions (media, process strain, operation 
conditions) and a better understanding of the physiological responses of yeast under 
stressful conditions as a major focus for the ongoing strain engineering, in order to attain 
the fitness and robustness required for an intensified fermentation process. 
Supplementation of the fermentation medium with nutrients has been acknowledged as a 
successful strategy to address inhibitory issues, enhancing the innate tolerance of yeast to 
stress. Factorial design approaches were used to develop a low-cost medium based on CSL 
and other inexpensive nutrient sources. The critical nutrients were initially selected 
according to a Plackett–Burman design and the optimized medium composition (44.3 g/L 
CSL; 2.3 g/L urea; 3.8 g/L MgSO4.7H2O; 0.03 g/L CuSO4.5H2O) for maximum ethanol 
production by the laboratory strain CEN.PK 113 7D was obtained by response surface 
methodology, based on a three-level four-factor Box-Behnken design. This medium 
optimization allowed an increase on final ethanol titre and batch productivity of 13% and 
44%, respectively. 
Although the utilization of tolerant strains is always important in harsh industrial 
fermentations, the need for more adapted strains is even more evident at VHG stressful 
conditions.  The microflora of traditional “cachaça” and bioethanol distillers in Brazil were 
identified as a potential source of microbial natural isolates that exhibit at least some of the 
desired physiological characteristics for VHG processes. Using the VHG optimized 
medium (Chapter 2), and mimicking industrial fermentation conditions, i.e. high sugar and 
ethanol concentrations, high inoculation rates and low oxygen availability, the 
fermentation behavior of eight S. cerevisiae industrial isolates and three laboratory 
background strains was evaluated. The industrial isolates PE-2 and CA1185 exhibited the 
best overall fermentation performance being able to consume over 330 g/L glucose and 
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produce high ethanol titres (up to 19 %) with high ethanol batch productivity (> 2.3 g/Lh).  
To gather detailed yeast physiological information of PE-2 and CA1185 isolates in VHG 
conditions, relevant physiological parameters were measured throughout the different 
batch fermentation stages and the results revealed their robust physiological background 
under these intensified fermentation conditions. The high ethanol titres (> 19%) were 
accompanied by an increased content of sterols (2 to 5-fold), glycogen (2 to 4-fold) and 
trehalose (1.1-fold), relatively to CEN.PK 113-7D laboratory strain. This increased content 
of stress-associated intracellular metabolites possibly provides an adaptive advantage to 
the industrial strains under the harsh conditions typical of the fermentation systems from 
which these were isolated (in which some of the main stresses are common to VHG 
fermentations). Moreover, a critical ethanol concentration (140 g/L) above which viability 
and trehalose concentration decreased significantly was identified. This observation 
emphasize the importance of harvesting the yeast for recycling to subsequent fermentations 
as soon as fermentation stops in order to avoid severe drop in viability.  
After medium optimization (Chapter 2) and process strain selection (Chapter 3), the focus 
was to devise a process strategy that improves the concepts of industrial yields and, 
mainly, ethanol productivities. Guided by the detailed physiological information gathered 
in Chapter 4, a VHG repeated-batch fermentation system using the industrial strain PE-2 
was successfully operated during fifteen consecutive fermentation cycles, attaining an 
average ethanol titre of 17.1±0.2% (v/v) with a batch productivity of 3.51±0.04 g/Lh. 
Significantly, the innovative biomass refreshing step implemented in this process avoided 
critical decreases on yeast viability levels and promoted high accumulation of intracellular 
glycerol and trehalose, which is crucial for industrial implementation, especially 
considering the fact that yeast is re-pitched for several fermentation cycles.  
With the industrial implementation of this high productivity system in mind, the need for 
separating the fermented broth from yeast cells at the end of each batch by centrifugation 
makes the process expensive. Concerning the repeated-batch operation, a yeast 
flocculation-sedimentation process is a more feasible and economic method. Taken into 
account the robustness of the PE-2 isolate, the flocculation gene FLO1 was transferred into 
this robust industrial yeast isolate (Gomes et al. 2011). Remarkably, in 10 repeat-batch 
VHG fermentations carried out in 6.1L airlift bioreactor, FLO20 recombinant strain 
achieved an average final ethanol titre of 18 % (v/v) with an ethanol productivity of 2.86 
g/Lh (Gomes et al. 2011). Furthermore, the amounts of specific intracellular metabolites 
(glycerol, trehalose, sterols) confirmed an efficient response to VHG stress by the 
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flocculent strain, similar to previous observed for the parental PE-2 strain in single batch 
fermentation (Chapter 4).  
There is now accumulating evidence that no single gene can endow microbial cells with 
tolerance to different stress issues. On the contrary, tolerance is a multigenic trait and 
genes found to be specifically required to confer resistance to individual stresses may not 
be relevant in a multi-stress environment. However, the effect of the combination of these 
stresses in yeast cell ability to thrive and ferment in high yield has been mostly neglected. 
Our approach, developed in Chapter 6 and 7, of identifying key genes common to different 
relevant stresses in bioethanol fermentations and validating the identified genes under 
fermentation conditions close to the industrial ones, overcomes some of the constraints of 
conventional chemogenomic approaches based on laboratory media. 
In Chapter 6, the intersection of chemogenomic data previous obtained in single stress 
phenotypic analysis allowed the identification of eight genes simultaneously involved in 
yeast tolerance to inhibitory concentrations of glucose, acetic acid and ethanol – chemical 
relevant stresses in VHG conditions. Comparative VHG fermentation tests, under 
industrially relevant conditions, showed that five of them are required for maximal 
fermentation performance: genes BUD31 and HPR1 were found to lead to the increase of 
both ethanol yield and fermentation rate, while PHO85, VRP1 and YGL024w genes were 
required for maximal ethanol production. Among the genes providing resistance to ethanol, 
acetic acid and vanillin or furfural - stresses relevant for lignocellulose fermentations - 
ERG2, PRS3, RAV1, RPB4 and VMA8 were found, for the first time, to contribute to the 
maintenance of cell viability in WSH and/or for maximal fermentation rate of this 
substrate.  
Aiming a complementary approach to identify key genes and confirm their role in inhibitor 
tolerance, a genome-wide survey in solid industrial media was conducted. Based on the 
screening of EUROSCARF haploid mutant collection, 242 and 216 determinants of 
tolerance to inhibitory compounds present in the same industrial WSH and in inhibitor-
supplemented synthetic hydrolysate (SH) were identified, respectively. The results 
highlight the genes associated to vitamin metabolism, mitochondrial and peroxisomal 
functions, ribosome biogenesis and microtubule biogenesis and dynamics among the newly 
found determinants of WSH resistance. Moreover, a comparison between the genes 
identified in this study as conferring resistance to WSH with those previously identified as 
involved in acetic acid or furfural individual single stress was carried out. Only a very 
small fraction of the WSH resistance determinants, 3.7%, are required for furfural 
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tolerance. On the contrary, 45.7% of the W.S.H resistance determinants are required for 
acetic acid tolerance suggesting that this stress agent is a key factor in the toxicity exerted 
by the WSH. Significantly, however, is also the observation that more than 50% of the 
determinants of WSH resistance were not found to be required for yeast tolerance to acetic 
acid or furfural. This reinforces the notion that studies carried out just looking at individual 
stress conditions do not provide a complete picture of what is going on in complex real-life 
stress environments. Comparing the results of WSH comparative fermentation tests, under 
industrially relevant conditions (Chapter 6), with the genes identified in WSH genome-
wide survey, PRS3, VMA8, ERG2, RAV1 and RPB4 were highlighted as key genes on yeast 
tolerance and fermentation of industrial WSH.  
Driven by the noteworthy physiological robustness of industrial isolates during VHG 
fermentations (Chapter 4), we screened industrial yeast isolates and laboratory yeast strains 
comprising two different yeast species, K. marxianus and S. cerevisiae, for their 
fermentation ability in a real inhibitory hydrolysate obtained from hydrothermally 
pretreated Eucalyptus globulus wood. Strains isolated from Brazilian ethanol plant and 
“cachaça” fermentation environments showed higher detoxification percentage of furans 
and ethanol production than the laboratory background strains and K. marxianus yeasts. 
Moreover, for the first time, the PE-2 industrial isolate was used for fermentation of HG 
lignocellulosic substrates (114 g/L glucose) being able to resourcefully degrade furfural 
and HMF inhibitors attaining a final ethanol concentration of 55 g/L (~ 7% v/v) with a 
corresponding productivity of 0.8 g/Lh. Remarkably, PE-2 isolate showed a superior 
tolerance to biomass-derived inhibitors being able to detoxify a furfural content of 1.1 to 
0.05 g/L after 5h, which is 3.6 fold less time than attained by CCUG53310 industrial strain 
isolated from a Swedish second generation bioethanol plant. 
Regarding the observed robustness of industrial PE-2 isolate in HG fermentation of 
inhibitory hydrolysates and the key role of PRS3, VMA8, ERG2, RAV1 and RPB4 genes in 
inhibitor tolerance, the use of genetic engineering approaches to increase the expression of 
these genes in PE-2 strain is considered the next logical step. This further task is out of 
utmost importance to find out whether these manipulations lead to the generation of a more 
tolerant strain to lignocellulose-derived inhibitors. Overall, the promising results obtained 
here encouraged other research efforts aiming the improvement of yeast tolerance and 
adaptation by overexpressing the above-mentioned genes (Cunha et al. in preparation), as well as 
the introduction of heterologous xylose pathways into natural robust PE-2 strain (Romaní 
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et al. submitted). The expression evaluation of this genetic engineering program was 
performed in industrial hydrolysate fermentations and provides new insights into global adaptation 
mechanisms of yeast to lignocellulosic-derived inhibitors. Moreover, concerning the 
implementation of HG technology in hydrolysate fermentations, an original approach to 
overcome the generation of higher amounts of inhibitors during pre-treatment step has 
been studied in our lab. Recent results, show that using the robust PE-2 strain together with 
medium supplementation with agro-industrial by-products and operating in SSF, it is 
possible to achieve process yields until now not reported in the literature – final ethanol 
titre of 6.4 % (v/v) corresponding to an ethanol conversion yield of 96% (Kelbert et al. 
submitted). 
With the ability of robust PE-2 strain to ferment C5 sugars (ongoing work), several other 
fermentation process strategies can be carried out in order to add value to the sugar present 
in hemicellulose fraction and, therefore, improve overall process yields. Moreover, 
concerning the optimization of 1
st
 generation bioethanol production process, and also the 
promising ongoing results on 2
nd
 generation process, an interesting next step would be the 
upscale to pilot plant and consider these results to a further evaluation of the economic 
feasibility of these processes for industrial implementation. 
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 SUPPLEMENTARY DATA 
 
 
Tables: Additional Files 
Table S1 - Plackett-Burman design – effects of nutrient sources on the CO2 produced during the initial 30 h 
of fermentation 
Term Coefficient Standard Error t - value p - value 
CSL 7.982 0.8418 9.480 <0.0001 
CuSO4 -7.802 0.8418 -9.270 <0.0001 
ZnCl2 3.256 0.8418 3.870 0.0014 
KH2PO4 2.655 0.8418 3.150 0.0061 
CaCl2 -2.515 0.8418 -2.990 0.0087 
Urea 1.652 0.8418 1.960 0.0674 
MgSO4 -1.512 0.8418 -1.800 0.0914 
FeSO4 -1.256 1.1266 -1.110 0.2814 
(NH4)2SO4 0.611 0.8418 0.730 0.4780 
 
Table S2 - Plackett-Burman design – effects of nutrient sources on the CO2 produced during the initial 48 h 
of fermentation. 
Term Coefficient Standard Error t - value p - value 
CSL 9.175 1.3854 6.620 <0.0001 
CuSO4 -6.308 1.3854 -4.550 0.0003 
ZnCl2 4.126 1.3854 2.980 0.0089 
KH2PO4 3.144 1.3854 2.270 0.0374 
CaCl2 -1.783 1.3854 -1.290 0.2164 
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Urea 5.068 1.3854 3.660 0.0021 
MgSO4 -1.102 1.3854 -0.800 0.4380 
FeSO4 -3.255 1.8542 -1.760 0.0983 
(NH4)2SO4 0.541 1.3854 0.390 0.7012 
 
Table S3 - Plackett-Burman design – effects of nutrient sources on the final biomass production. 
Term Coefficient Standard Error t - value p - value 
CSL 0.583 0.0539 10.82 <0.0001 
CuSO4 -0.292 0.0539 -5.410 <0.0001 
ZnCl2 -0.167 0.0539 -3.090 0.0070 
KH2PO4 -0.042 0.0539 -0.770 0.4509 
CaCl2 -0.208 0.0539 -3.860 0.0014 
Urea -0.250 0.0539 -4.640 0.0003 
MgSO4 -0.042 0.0539 -0.770 0.4509 
FeSO4 0.021 0.0721 0.290 0.7782 
(NH4)2SO4 -0.208 0.0539 -3.860 0.0014 
 
Table S4 - Experimental and predicted values of final ethanol in fermentations of OM with 329 g/L initial 
glucose supplemented with vitamins according to Plackett-Burman design. 
Run
s 
Biotin 
Myo-
inositol 
Pantothenic 
acid 
Nicotinic 
acid 
Thiamine Pyridoxine 
p-amino-
benzoic 
acid 
Ethanol (g/L) 
Exp.* Mod.** 
1-2 0 0 0 5 0 0 1 128.9 ± 0.0 129.1 
3-4 0 0 5 0 0 5 0 133.7 ± 0.5 133.0 
5-6 0 0 5 0 5 5 1 129.7 ± 0.6 130.4 
7-8 0 100 0 0 5 0 1 130 ± 0.0 129.8 
9-10 0 100 0 5 5 5 0 129 ± 0.9 128.6 
11-
12 
0 100 5 5 0 0 0 129.6 ± 1.2 129.8 
13-
14 
0.05 50 2.5 2.5 2.5 2.5 0.5 130.3 ± 0.1 130.5 
15-
16 
0.1 0 0 0 5 0 0 132.9 ± 0.8 132.6 
17-
18 
0.1 0 0 5 0 5 1 130.1 ± 0.0 129.8 
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19-
20 
0.1 0 5 5 5 0 0 129.8 ± 0.5 130.1 
21-
22 
0.1 100 0 0 0 5 0 132.3 ± 0.0 133.0 
23-
24 
0.1 100 5 0 0 0 1 132.1 ± 0.6 131.8 
25-
26 
0.1 100 5 5 5 5 1 128.3 ± 0.8 128.0 
* Exp. : experimental value 
** Mod.: model-predicted value 
Table S5 - Plackett-Burman design – effects of supplementation of OM with vitamins on the final ethanol 
titre 
Term Coefficient Standard Error t - value p - value 
Nicotinic acid -1.263 0.1845 -6.840 <0.0001 
p-aminobenzoic acid -0.682 0.1845 -3.700 0.0017 
Thiamine -0.578 0.1845 -3.140 0.0057 
Biotin 0.378 0.1845 2.050 0.0552 
Myo-inositol -0.317 0.1845 -1.720 0.1025 
Pyridoxine -0.029 0.1845 -0.160 0.8760 
Pantothenic acid 0.013 0.1845 0.070 0.9423 
 
Table S6 - List of the most representative biological functions and associated genes whose deletion was 
found to decrease yeast tolerance to inhibitory compounds present in an industrial WSH.  Two levels of 
inhibition were considered ((-) and (--)) based on increasing levels of growth deficiency of the deletion 
mutants, compared to the parental strain. 
 
Gene Cellular function Susceptibility 
level 
Stress response 
         
GSH2 Glutathione synthetase, catalyzes the ATP-dependent synthesis of glutathione 
(GSH) from gamma-glutamylcysteine and glycine; induced by oxidative stress 
and heat shock 
- 
HSP12 Plasma membrane protein involved in maintaining membrane organization in 
stress conditions; induced by heat shock, oxidative stress, osmostress, stationary 
phase, glucose depletion, oleate and alcohol; regulated by HOG and Ras-Pka 
pathways 
- 
MSN2 Transcriptional activator related to Msn4p; activated in stress conditions, which 
results in translocation from the cytoplasm to the nucleus; binds DNA at stress 
response elements of responsive genes, inducing gene expression 
- 
MXR2 Methionine-R-sulfoxide reductase, involved in the response to oxidative stress; 
protects iron-sulfur clusters from oxidative inactivation along with MXR1; 
involved in the regulation of lifespan 
- 
SOD1 Cytosolic copper-zinc superoxide dismutase; some mutations are analogous to 
those that cause ALS (amyotrophic lateral sclerosis) in humans 
- 
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SOD2 Mitochondrial manganese superoxide dismutase, protects cells against 
oxygen toxicity; phosphorylated 
 -- 
STB5 Transcription factor, involved in regulating multidrug resistance and oxidative 
stress response; forms a heterodimer with Pdr1p; contains a Zn(II)2Cys6 zinc 
finger domain that interacts with a pleiotropic drug resistance element in vitro 
-- 
Carbohydrate/energy metabolism         
COX6 Subunit VI of cytochrome c oxidase, which is the terminal member of the 
mitochondrial inner membrane electron transport chain; expression is regulated 
by oxygen levels 
- 
COX10 Heme A:farnesyltransferase, catalyzes the first step in the conversion of 
protoheme to the heme A prosthetic group required for cytochrome c oxidase 
activity; human ortholog is associated with mitochondrial disorders 
- 
GRE3 Aldose reductase; involved in methylglyoxal, d-xylose, arabinose, and galactose 
metabolism; stress induced (osmotic, ionic, oxidative, heat shock, starvation 
and heavy metals); regulated by the HOG pathway; protein abundance increases 
in response to DNA replication stress 
- 
IDP1 Mitochondrial NADP-specific isocitrate dehydrogenase, catalyzes the oxidation 
of isocitrate to alpha-ketoglutarate; not required for mitochondrial respiration 
and may function to divert alpha-ketoglutarate to biosynthetic processes 
-- 
NDE1 Mitochondrial external NADH dehydrogenase, a type II NAD(P)H:quinone 
oxidoreductase that catalyzes the oxidation of cytosolic NADH; Nde1p and 
Nde2p provide cytosolic NADH to the mitochondrial respiratory chain 
- 
POS5 Mitochondrial NADH kinase, phosphorylates NADH; also phosphorylates 
NAD(-) with lower specificity; required for the response to oxidative stress 
- 
SFA1 Bifunctional enzyme containing both alcohol dehydrogenase and glutathione-
dependent formaldehyde dehydrogenase activities, functions in formaldehyde 
detoxification and formation of long chain and complex alcohols, regulated by 
Hog1p-Sko1p 
- 
GPH1 Non-essential glycogen phosphorylase required for the mobilization of 
glycogen, activity is regulated by cyclic AMP-mediated phosphorylation, 
expression is regulated by stress-response elements and by the HOG MAP 
kinase pathway 
- 
RPE1 D-ribulose-5-phosphate 3-epimerase, catalyzes a reaction in the non-oxidative 
part of the pentose-phosphate pathway; mutants are sensitive to oxidative stress 
- 
ZWF1 Glucose-6-phosphate dehydrogenase (G6PD), catalyzes the first step of the 
pentose phosphate pathway; involved in adapting to oxidatve stress; homolog of 
the human G6PD which is deficient in patients with hemolytic anemia 
-- 
Aminoacid metabolism          
ARO7 Chorismate mutase, catalyzes the conversion of chorismate to prephenate to 
initiate the tyrosine/phenylalanine-specific branch of aromatic amino acid 
biosynthesis  
- 
GCN2 Protein kinase, phosphorylates the alpha-subunit of translation initiation factor 
eIF2 (Sui2p) in response to starvation; activated by uncharged tRNAs and the 
Gcn1p-Gcn20p complex; contributes to DNA damage checkpoint control 
-- 
GCN4 Basic leucine zipper (bZIP) transcriptional activator of amino acid biosynthetic 
genes in response to amino acid starvation; expression is tightly regulated at 
both the transcriptional and translational levels 
-- 
GLY1 Threonine aldolase, catalyzes the cleavage of L-allo-threonine and L-threonine 
to glycine; involved in glycine biosynthesis 
- 
HIS5 Histidinol-phosphate aminotransferase, catalyzes the seventh step in histidine 
biosynthesis; responsive to general control of amino acid biosynthesis; 
mutations cause histidine auxotrophy and sensitivity to Cu, Co, and Ni salts  
- 
HIS7 Imidazole glycerol phosphate synthase (glutamine amidotransferase:cyclase), 
catalyzes the fifth and sixth steps of histidine biosynthesis and also produces 5-
aminoimidazole-4-carboxamide ribotide (AICAR), a purine precursor 
- 
LTV1 Component of the GSE complex, which is required for proper sorting of amino 
acid permease Gap1p; required for ribosomal small subunit export from 
nucleus; required for growth at low temperature 
- 
MKS1 Pleiotropic negative transcriptional regulator involved in Ras-CAMP and lysine 
biosynthetic pathways and nitrogen regulation; involved in retrograde (RTG) 
mitochondria-to-nucleus signaling 
- 
 Francisco B. Pereira  177  Universidade do Minho, 2014 
NPR2 Subunit of the conserved Npr2/3 complex that mediates downregulation of 
TORC1 activity upon amino acid limitation; subunit of SEA (Seh1-associated) 
complex; homolog of human NPRL2; target of Grr1p; required for growth on 
urea and proline  
- 
SER1 3-phosphoserine aminotransferase, catalyzes the formation of phosphoserine 
from 3-phosphohydroxypyruvate, required for serine and glycine biosynthesis; 
regulated by the general control of amino acid biosynthesis mediated by Gcn4p 
- 
STP1 Transcription factor, undergoes proteolytic processing by SPS (Ssy1p-Ptr3p-
Ssy5p)-sensor component Ssy5p in response to extracellular amino acids; 
activates transcription of amino acid permease genes and may have a role in 
tRNA processing 
- 
TCO89 Subunit of TORC1 (Tor1p or Tor2p-Kog1p-Lst8p-Tco89p), a complex that 
regulates growth in response to nutrient availability; cooperates with Ssd1p in 
the maintenance of cellular integrity; deletion strains are hypersensitive to 
rapamycin 
- 
Vitamin metabolism          
BUD16 Putative pyridoxal kinase, a key enzyme involved in pyridoxal 5'-phosphate 
synthesis, the active form of vitamin B6; required for genome integrity; 
involved in bud-site selection; similarity to yeast BUD17 and human pyridoxal 
kinase (PDXK)  
- 
ECM31 Ketopantoate hydroxymethyltransferase, required for pantothenic acid 
biosynthesis, converts 2-oxoisovalerate into 2-dehydropantoate 
- 
PAN6 Pantothenate synthase, also known as pantoate-beta-alanine ligase, required for 
pantothenic acid biosynthesis, deletion causes pantothenic acid auxotrophy, 
homologous to E. coli panC 
- 
THI12 Protein involved in synthesis of the thiamine precursor 
hydroxymethylpyrimidine (HMP); member of a subtelomeric gene family 
including THI5, THI11, THI12, and THI13 
- 
THI2 Zinc finger protein of the Zn(II)2Cys6 type, probable transcriptional activator 
of thiamine biosynthetic genes 
-- 
THI3 Probable alpha-ketoisocaproate decarboxylase, may have a role in catabolism of 
amino acids to long-chain and complex alcohols; required for expression of 
enzymes involved in thiamine biosynthesis 
-- 
THI6 Bifunctional enzyme with thiamine-phosphate pyrophosphorylase and 4-
methyl-5-beta-hydroxyethylthiazole kinase activities, required for thiamine 
biosynthesis; GFP-fusion protein localizes to the cytoplasm in a punctate 
pattern 
-- 
Nucleotide metabolism          
ADK1 Adenylate kinase, required for purine metabolism; localized to the cytoplasm 
and the mitochondria; lacks cleavable signal sequence 
-- 
BNA1 3-hydroxyanthranilic acid dioxygenase, required for the de novo biosynthesis of 
NAD from tryptophan via kynurenine; expression regulated by Hst1p 
- 
PRS3 5-phospho-ribosyl-1(alpha)-pyrophosphate synthetase, synthesizes PRPP, 
which is required for nucleotide, histidine, and tryptophan biosynthesis; one of 
five related enzymes, which are active as heteromultimeric complexes 
-- 
Ion transport           
AFT1 Transcription factor involved in iron utilization and homeostasis; binds the 
consensus site PyPuCACCCPu and activates the expression of target genes in 
response to changes in iron availability  
- 
FET3 Ferro-O2-oxidoreductase required for high-affinity iron uptake and involved in 
mediating resistance to copper ion toxicity, belongs to class of integral 
membrane multicopper oxidases 
- 
FRA2 Protein involved in negative regulation of transcription of iron regulon; forms 
an iron independent complex with Fra2p, Grx3p, and Grx4p; null mutant fails to 
repress iron regulon and is sensitive to nickel 
- 
FRE8 Protein with sequence similarity to iron/copper reductases, involved in iron 
homeostasis; deletion mutant has iron deficiency/accumulation growth defects; 
expression increased in the absence of copper-responsive transcription factor 
Mac1p 
- 
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GEF1 Voltage-gated chloride channel localized to the golgi, the endosomal system, 
and plasma membrane, and involved in cation homeostasis; highly homologous 
to vertebrate voltage-gated chloride channels 
- 
HRK1 Protein kinase implicated in activation of the plasma membrane H(-)-ATPase 
Pma1p in response to glucose metabolism; plays a role in ion homeostasis 
- 
ISA1 Mitochondrial matrix protein involved in biogenesis of the iron-sulfur (Fe/S) 
cluster of Fe/S proteins, isa1 deletion causes loss of mitochondrial DNA and 
respiratory deficiency; depletion reduces growth on nonfermentable carbon 
sources 
- 
PMR1 High affinity Ca2-/Mn2- P-type ATPase required for Ca2- and Mn2- transport 
into Golgi; involved in Ca2- dependent protein sorting and processing; 
mutations in human homolog ATP2C1 cause acantholytic skin condition 
Hailey-Hailey disease 
- 
PTK2 Putative serine/threonine protein kinase involved in regulation of ion transport 
across plasma membrane; enhances spermine uptake 
- 
SSQ1 Mitochondrial hsp70-type molecular chaperone, required for assembly of 
iron/sulfur clusters into proteins at a step after cluster synthesis, and for 
maturation of Yfh1p, which is a homolog of human frataxin implicated in 
Friedreich's ataxia 
- 
Lipid metabolism          
CHO2 Phosphatidylethanolamine methyltransferase (PEMT), catalyzes the first step in 
the conversion of phosphatidylethanolamine to phosphatidylcholine during the 
methylation pathway of phosphatidylcholine biosynthesis 
- 
CSR1 Phosphatidylinositol transfer protein with a potential role in regulating lipid and 
fatty acid metabolism under heme-depleted conditions; interacts specifically 
with thioredoxin peroxidase; may have a role in oxidative stress resistance 
- 
CST6 Basic leucine zipper (bZIP) transcription factor of the ATF/CREB family, 
proposed to be a regulator of oleate responsive genes; involved in utilization of 
non-optimal carbon sources and chromosome stability 
- 
ERG2 C-8 sterol isomerase, catalyzes the isomerization of the delta-8 double bond to 
the delta-7 position at an intermediate step in ergosterol biosynthesis 
-- 
ERG24 C-14 sterol reductase, acts in ergosterol biosynthesis; mutants accumulate the 
abnormal sterol ignosterol (ergosta-8,14 dienol), and are viable under anaerobic 
growth conditions but inviable on rich medium under aerobic conditions 
- 
FAB1 1-phosphatidylinositol-3-phosphate 5-kinase; vacuolar membrane kinase that 
generates phosphatidylinositol (3,5)P2, which is involved in vacuolar sorting 
and homeostasis  
- 
IPT1 Inositolphosphotransferase, involved in synthesis of mannose-(inositol-P)2-
ceramide (M(IP)2C), the most abundant sphingolipid;, can mutate to resistance 
to the antifungals syringomycin E and DmAMP1 and to K. lactis zymocin 
- 
IRS4 EH domain-containing protein involved in regulating phosphatidylinositol 4,5-
bisphosphate levels and autophagy; Irs4p and Tax4p bind and activate the 
PtdIns phosphatase Inp51p; Irs4p and Tax4p are involved in localizing Atg17p 
to the PAS 
- 
MGA2 ER membrane protein involved in regulation of OLE1 transcription, acts with 
homolog Spt23p; inactive ER form dimerizes and one subunit is then activated 
by ubiquitin/proteasome-dependent processing followed by nuclear targeting 
- 
PIL1 Primary component of eisosomes, which are large immobile cell cortex 
structures associated with endocytosis; null mutants show activation of 
Pkc1p/Ypk1p stress resistance pathways; detected in phosphorylated state in 
mitochondria; member of the BAR domain family 
- 
PSD2 Phosphatidylserine decarboxylase of the Golgi and vacuolar membranes, 
converts phosphatidylserine to phosphatidylethanolamine 
- 
RVS161 Amphiphysin-like lipid raft protein; interacts with Rvs167p and regulates 
polarization of the actin cytoskeleton, endocytosis, cell polarity, cell fusion and 
viability following starvation or osmotic stress 
- 
SAC1 Phosphatidylinositol phosphate (PtdInsP) phosphatase involved in hydrolysis of 
PtdIns[4]P; transmembrane protein localizes to ER and Golgi; involved in 
protein trafficking and processing, secretion, and cell wall maintenance 
-- 
SUR1 Probable catalytic subunit of a mannosylinositol phosphorylceramide (MIPC) 
synthase, forms a complex with probable regulatory subunit Csg2p; function in 
sphingolipid biosynthesis is overlapping with that of Csh1p 
-- 
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Cell wall organization          
ANP1 Subunit of the alpha-1,6 mannosyltransferase complex; type II membrane 
protein; has a role in retention of glycosyltransferases in the Golgi; involved in 
osmotic sensitivity and resistance to aminonitrophenyl propanediol 
- 
BGL2 Endo-beta-1,3-glucanase, major protein of the cell wall, 
involved in cell wall maintenance 
   - 
CCW14 Covalently linked cell wall glycoprotein, present in the inner 
layer of the cell wall  
   - 
FKS1 Catalytic subunit of 1,3-beta-D-glucan synthase, functionally redundant with 
alternate catalytic subunit Gsc2p; binds to regulatory subunit Rho1p; involved 
in cell wall synthesis and maintenance; localizes to sites of cell wall remodeling 
- 
GAS1 Beta-1,3-glucanosyltransferase, required for cell wall assembly and also has a 
role in transcriptional silencing; localizes to the cell surface via a 
glycosylphosphatidylinositol (GPI) anchor; also found at the nuclear periphery 
- 
KRE11 Subunit of TRAPPII, a multimeric guanine nucleotide-exchange factor for 
Ypt1p; involved in intra-Golgi traffic and the retrograde pathway from the 
endosome to Golgi; role in cell wall beta-glucan biosynthesis and the stress 
response 
- 
RDI1 Rho GDP dissociation inhibitor involved in the localization and 
regulation of Cdc42p and Rho1p 
  - 
ROM2 GDP/GTP exchange factor (GEF) for Rho1p and Rho2p; mutations are 
synthetically lethal with mutations in rom1, which also encodes a GEF 
- 
Cytoskeleton organization and cell morphology        
AFR1 Protein required for pheromone-induced projection (shmoo) formation; 
regulates septin architecture during mating; has an RVXF motif that mediates 
targeting of Glc7p to mating projections; interacts with Cdc12p 
- 
ALF1 Alpha-tubulin folding protein, similar to mammalian cofactor B; Alf1p-GFP 
localizes to cytoplasmic microtubules; required for the folding of alpha-tubulin 
and may play an additional role in microtubule maintenance 
- 
BEM1 Protein containing SH3-domains, involved in establishing cell polarity and 
morphogenesis; functions as a scaffold protein for complexes that include 
Cdc24p, Ste5p, Ste20p, and Rsr1p 
- 
BEM2 Rho GTPase activating protein (RhoGAP) involved in the control of 
cytoskeleton organization and cellular morphogenesis; required for bud 
emergence 
- 
BEM4 Protein involved in establishment of cell polarity and bud emergence; interacts 
with the Rho1p small GTP-binding protein and with the Rho-type GTPase 
Cdc42p; involved in maintenance of proper telomere length 
- 
BUD25 Protein involved in bud-site selection; diploid mutants display a random 
budding pattern instead of the wild-type bipolar pattern 
- 
GIN4 Protein kinase involved in bud growth and assembly of the septin ring, 
proposed to have kinase-dependent and kinase-independent activities; 
undergoes autophosphorylation; similar to Kcc4p and Hsl1p 
- 
KAR3 Minus-end-directed microtubule motor that functions in mitosis and meiosis, 
localizes to the spindle pole body and localization is dependent on functional 
Cik1p, required for nuclear fusion during mating; potential Cdc28p substrate 
- 
NIP100 Large subunit of the dynactin complex, which is involved in partitioning the 
mitotic spindle between mother and daughter cells; putative ortholog of 
mammalian p150(glued) 
- 
SAG1 Alpha-agglutinin of alpha-cells, binds to Aga1p during agglutination, N-
terminal half is homologous to the immunoglobulin superfamily and contains 
binding site for a-agglutinin, C-terminal half is highly glycosylated and contains 
GPI anchor  
- 
TUB3 Alpha-tubulin; associates with beta-tubulin (Tub2p) to form tubulin dimer, 
which polymerizes to form microtubules; expressed at lower level than Tub1p 
- 
VRP1 Proline-rich actin-associated protein involved in cytoskeletal organization and 
cytokinesis; related to mammalian Wiskott-Aldrich syndrome protein (WASP)-
interacting protein (WIP)  
- 
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Mitochondrial function          
FZO1 Mitofusin; integral membrane protein involved in mitochondrial outer 
membrane tethering and fusion; role in mitochondrial genome maintenance; 
efficient tethering and degradation of Fzo1p requires an intact N-terminal 
GTPase domain; targeted for destruction by the ubiquitin ligase SCF-Mdm30p 
and the cytosolic ubiquitin-proteasome system 
- 
MRPL3 Mitochondrial ribosomal protein of the 
large subunit 
     - 
MRPL32 Mitochondrial ribosomal protein of the 
large subunit 
     - 
MRPL40 Mitochondrial ribosomal protein of the 
large subunit  
     - 
MRPS35 Mitochondrial ribosomal protein of the 
small subunit 
     - 
PET20 Mitochondrial protein, required for respiratory growth under some conditions 
and for stability of the mitochondrial genome 
- 
PPT2 Phosphopantetheine:protein transferase (PPTase), activates mitochondrial acyl 
carrier protein (Acp1p) by phosphopantetheinylation 
- 
COX18 Mitochondrial integral inner membrane protein required for membrane insertion 
of C-terminus of Cox2p; interacts genetically and physically with Mss2p and 
Pnt1p; similar to S. cerevisiae Oxa1, N. crassa Oxa2p, and E. coli YidC  
- 
Peroxissomal function          
PEX34 Peroxisomal integral membrane protein that regulates peroxisome populations; 
interacts with Pex11p, Pex25p, and Pex27p to control both constitutive 
peroxisome division and peroxisome morphology and abundance during 
peroxisome proliferation 
- 
PEX6 AAA-peroxin that heterodimerizes with AAA-peroxin Pex1p and participates in 
the recycling of peroxisomal signal receptor Pex5p from the peroxisomal 
membrane to the cystosol  
- 
PEX7 Peroxisomal signal receptor for the N-terminal nonapeptide signal (PTS2) of 
peroxisomal matrix proteins; WD repeat protein; defects in human homolog 
cause lethal rhizomelic chondrodysplasia punctata (RCDP) 
- 
Vacuolar acidification          
PKR1 V-ATPase assembly factor, functions with other V-ATPase assembly factors in 
the ER to efficiently assemble the V-ATPase membrane sector 
- 
RAV1 Subunit of the RAVE complex (Rav1p, Rav2p, Skp1p), which promotes 
assembly of the V-ATPase holoenzyme; required for transport between the 
early and late endosome/PVC and for localization of TGN membrane proteins; 
potential Cdc28p substrate 
- 
VMA1 Subunit A of the eight-subunit V1 peripheral membrane domain of the vacuolar 
H--ATPase; protein precursor undergoes self-catalyzed splicing to yield the 
extein Tfp1p and the intein Vde (PI-SceI), which is a site-specific endonuclease 
- 
VMA21 Integral membrane protein that is required for vacuolar H--ATPase (V-ATPase) 
function, although not an actual component of the V-ATPase complex; 
functions in the assembly of the V-ATPase; localized to the yeast endoplasmic 
reticulum (ER) 
-- 
VMA22 Peripheral membrane protein that is required for vacuolar H--ATPase (V-
ATPase) function, although not an actual component of the V-ATPase complex; 
functions in the assembly of the V-ATPase; localized to the yeast endoplasmic 
reticulum (ER) 
-- 
VMA8 Subunit D of the eight-subunit V1 peripheral membrane domain of the vacuolar 
H--ATPase (V-ATPase), an electrogenic proton pump found throughout the 
endomembrane system; plays a role in the coupling of proton transport and ATP 
hydrolysis 
- 
VPH1 Subunit a of vacuolar-ATPase V0 domain, one of two isoforms (Vph1p and 
Stv1p); Vph1p is located in V-ATPase complexes of the vacuole while Stv1p is 
located in V-ATPase complexes of the Golgi and endosomes 
- 
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Intracellular traficking and protein sorting        
BRO1 Cytoplasmic class E vacuolar protein sorting (VPS) factor that coordinates 
deubiquitination in the multivesicular body (MVB) pathway by recruiting 
Doa4p to endosomes 
- 
CCZ1 Protein involved in vacuolar assembly, essential for autophagy and the 
cytoplasm-to-vacuole pathway 
 - 
COG5 Component of the conserved oligomeric Golgi complex (Cog1p through 
Cog8p), a cytosolic tethering complex that functions in protein trafficking to 
mediate fusion of transport vesicles to Golgi compartments 
- 
DID2 Class E protein of the vacuolar protein-sorting (Vps) pathway; binds Vps4p and 
directs it to dissociate ESCRT-III complexes; forms a functional and physical 
complex with Ist1p; human ortholog may be altered in breast tumors 
- 
GGA2 Protein that interacts with and regulates Arf1p and Arf2p in a GTP-dependent 
manner to facilitate traffic through the late Golgi; binds phosphatidylinositol 4-
phosphate, which plays a role in TGN localization; has homology to gamma-
adaptin 
- 
PEP5 Component of CORVET tethering complex; peripheral vacuolar membrane 
protein required for protein trafficking and vacuole biogenesis; interacts with 
Pep7p 
- 
PPT2 Phosphopantetheine:protein transferase (PPTase), activates mitochondrial acyl 
carrier protein (Acp1p) by phosphopantetheinylation 
- 
RIC1 Protein involved in retrograde transport to the cis-Golgi network; forms 
heterodimer with Rgp1p that acts as a GTP exchange factor for Ypt6p; involved 
in transcription of rRNA and ribosomal protein genes 
- 
SEC66 Non-essential subunit of Sec63 complex (Sec63p, Sec62p, Sec66p and Sec72p); 
with Sec61 complex, Kar2p/BiP and Lhs1p forms a channel competent for 
SRP-dependent and post-translational SRP-independent protein targeting and 
import into the ER 
- 
SNC2 Vesicle membrane receptor protein (v-SNARE) involved in the fusion between 
Golgi-derived secretory vesicles with the plasma membrane; member of the 
synaptobrevin/VAMP family of R-type v-SNARE proteins 
- 
SNF8 Component of the ESCRT-II complex, which is involved in ubiquitin-
dependent sorting of proteins into the endosome; appears to be functionally 
related to SNF7; involved in glucose derepression 
- 
SSO2 Plasma membrane t-SNARE involved in fusion of secretory vesicles at the 
plasma membrane; syntaxin homolog that is functionally redundant with Sso1p  
- 
STP22 Component of the ESCRT-I complex, which is involved in ubiquitin-dependent 
sorting of proteins into the endosome; homologous to the mouse and human 
Tsg101 tumor susceptibility gene; mutants exhibit a Class E Vps phenotype  
-- 
SWF1 Palmitoyltransferase that acts on transmembrane proteins, including the 
SNAREs Snc1p, Syn8p, Tlg1p and likely all SNAREs; contains an Asp-His-
His-Cys-cysteine rich (DHHC-CRD) domain; may have a role in vacuole fusion 
-- 
SYS1 Integral membrane protein of the Golgi required for targeting of the Arf-like 
GTPase Arl3p to the Golgi; multicopy suppressor of ypt6 null mutation 
-- 
VAM6 Vacuolar protein that plays a critical role in the tethering steps of vacuolar 
membrane fusion by facilitating guanine nucleotide exchange on small 
guanosine triphosphatase Ypt7p 
- 
VID22 Glycosylated integral membrane protein localized to the plasma membrane; 
plays a role in fructose-1,6-bisphosphatase (FBPase) degradation; involved in 
FBPase transport from the cytosol to Vid (vacuole import and degradation) 
vesicles 
- 
VPS1 Dynamin-like GTPase required for vacuolar sorting; also involved in actin 
cytoskeleton organization, endocytosis, late Golgi-retention of some proteins, 
regulation of peroxisome biogenesis  
-- 
VPS16 Subunit of the vacuole fusion and protein sorting HOPS complex and the 
CORVET tethering complex; part of the Class C Vps complex essential for 
membrane docking and fusion at Golgi-to-endosome and endosome-to-vacuole 
protein transport stages 
-- 
VPS20 Myristoylated subunit of ESCRTIII, the endosomal sorting complex required 
for transport of transmembrane proteins into the multivesicular body pathway to 
the lysosomal/vacuolar lumen; cytoplasmic protein recruited to endosomal 
membranes  
- 
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VPS25 Component of the ESCRT-II complex, which is involved in ubiquitin-
dependent sorting of proteins into the endosome 
-- 
VPS27 Endosomal protein that forms a complex with Hse1p; required for recycling 
Golgi proteins, forming lumenal membranes and sorting ubiquitinated proteins 
destined for degradation; has Ubiquitin Interaction Motifs which bind ubiquitin 
(Ubi4p) 
- 
VPS28 Component of the ESCRT-I complex (Stp22p, Srn2p, Vps28p, and Mvb12p), 
which is involved in ubiquitin-dependent sorting of proteins into the endosome; 
conserved C-terminal domain interacts with ESCRT-III subunit Vps20p 
- 
VPS34 Phosphatidylinositol 3-kinase responsible for the synthesis of 
phosphatidylinositol 3-phosphate; forms membrane-associated signal 
transduction complex with Vps15p to regulate protein sorting; activated by the 
GTP-bound form of Gpa1p 
- 
VPS36 Component of the ESCRT-II complex; contains the GLUE (GRAM Like 
Ubiquitin binding in EAP45) domain which is involved in interactions with 
ESCRT-I and ubiquitin-dependent sorting of proteins into the endosome 
- 
VPS4 AAA-ATPase involved in multivesicular body (MVB) protein sorting, ATP-
bound Vps4p localizes to endosomes and catalyzes ESCRT-III disassembly and 
membrane release; ATPase activity is activated by Vta1p; regulates cellular 
sterol metabolism  
- 
VPS41 Vacuolar membrane protein that is a subunit of the homotypic vacuole fusion 
and vacuole protein sorting (HOPS) complex; essential for membrane docking 
and fusion at the Golgi-to-endosome and endosome-to-vacuole stages of protein 
transport  
- 
VPS52 Component of the GARP (Golgi-associated retrograde protein) complex, 
Vps51p-Vps52p-Vps53p-Vps54p, which is required for the recycling of 
proteins from endosomes to the late Golgi; involved in localization of actin and 
chitin 
- 
VPS66 Cytoplasmic protein of unknown function involved in 
vacuolar protein sorting. 
   - 
YPT6 Rab family GTPase, Ras-like GTP binding protein involved in the secretory 
pathway, required for fusion of endosome-derived vesicles with the late Golgi, 
maturation of the vacuolar carboxypeptidase Y; has similarity to the human 
GTPase, Rab6 
- 
LDB17 Protein involved in the regulation of endocytosis; transiently recruited to actin 
cortical patches in a SLA1-dependent manner after late coat component 
assembly; GFP-fusion protein localizes to the periphery, cytoplasm, bud, and 
bud neck 
- 
ENT1 Epsin-like protein involved in endocytosis and actin patch assembly and 
functionally redundant with Ent2p; binds clathrin via a clathrin-binding domain 
motif at C-terminus 
-- 
ATG20 Sorting nexin family member required for the cytoplasm-to-vacuole targeting 
(Cvt) pathway and for endosomal sorting; has a Phox homology domain that 
binds phosphatidylinositol-3-phosphate; interacts with Snx4p; potential Cdc28p 
substrate  
- 
TLG2 Syntaxin-like t-SNARE that forms a complex with Tlg1p and Vti1p and 
mediates fusion of endosome-derived vesicles with the late Golgi; binds 
Vps45p, which prevents Tlg2p degradation and also facilitates t-SNARE 
complex formation; homologous to mammalian SNARE protein syntaxin 16 
(Sx16)  
- 
Ribosome biogenesis          
ARX1 Shuttling pre-60S factor; involved in the biogenesis of ribosomal large subunit 
biogenesis; interacts directly with Alb1; responsible for Tif6 recycling defects 
in absence of Rei1; associated with the ribosomal export complex 
- 
BUD21 Component of small ribosomal subunit (SSU) processosome that contains U3 
snoRNA; originally isolated as bud-site selection mutant that displays a random 
budding pattern 
- 
RPL1B N-terminally acetylated protein component of the large (60S) ribosomal 
subunit, nearly identical to Rpl1Ap and has similarity to E. coli L1 and rat L10a 
ribosomal proteins; rpl1a rpl1b double null mutation is lethal 
-- 
RPL13a Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl13Bp; not essential for viability; has similarity to rat L13 ribosomal protein  
- 
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RPL13B Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl13Ap; not essential for viability; has similarity to rat L13 ribosomal protein 
- 
RPL20b Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl20Ap and has similarity to rat L18a ribosomal protein  
- 
RPL27a Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl27Bp and has similarity to rat L27 ribosomal protein 
- 
RPL36b Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl36Ap and has similarity to rat L36 ribosomal protein; binds to 5.8 S rRNA 
- 
RPL42b Protein component of the large (60S) ribosomal subunit, identical to Rpl42Ap 
and has similarity to rat L44; required for propagation of the killer toxin-
encoding M1 double-stranded RNA satellite of the L-A double-stranded RNA 
virus 
- 
RPL9b Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl9Ap and has similarity to E. coli L6 and rat L9 ribosomal proteins  
- 
RPS16a Protein component of the small (40S) ribosomal subunit; identical to Rps16Bp 
and has similarity to E. coli S9 and rat S16 ribosomal proteins  
- 
RPS16b Protein component of the small (40S) ribosomal subunit; identical to Rps16Ap 
and has similarity to E. coli S9 and rat S16 ribosomal proteins 
- 
SFP1 Transcription factor that controls expression of ribosome biogenesis genes in 
response to nutrients and stress, regulates G2/M transitions during mitotic cell 
cycle and DNA-damage response, modulates cell size; regulated by TORC1 and 
Mrs6p 
- 
SRO9 Cytoplasmic RNA-binding protein that associates with translating ribosomes; 
involved in heme regulation of Hap1p as a component of the HMC complex, 
also involved in the organization of actin filaments; contains a La motif 
- 
LOC1 Nuclear protein involved in asymmetric localization of ASH1 mRNA; binds 
double-stranded RNA in vitro; constituent of 66S pre-ribosomal particles 
- 
REI1 Cytoplasmic pre-60S factor; required for the correct recycling of shuttling 
factors Alb1, Arx1 and Tif6 at the end of the ribosomal large subunit 
biogenesis; involved in bud growth in the mitotic signaling network 
- 
RML2 Mitochondrial ribosomal protein of the large subunit, has similarity to E. coli 
L2 ribosomal protein; fat21 mutant allele causes inability to utilize oleate and 
may interfere with activity of the Adr1p transcription factor 
- 
Protein folding          
BUD27 Unconventional prefoldin protein involved in translation initiation; mutants 
have inappropriate expression of nutrient sensitive genes due to translational 
derepression of Gcn4p transcription factor; diploid mutants show random 
budding 
-- 
GIM3 Subunit of the heterohexameric cochaperone prefoldin complex which binds 
specifically to cytosolic chaperonin and transfers target proteins to it 
- 
GIM4 Subunit of the heterohexameric cochaperone prefoldin complex which binds 
specifically to cytosolic chaperonin and transfers target proteins to it  
- 
PAC10 Part of the heteromeric co-chaperone GimC/prefoldin complex, which 
promotes efficient protein folding 
 - 
EMC1 Member of a transmembrane complex required for efficient folding of proteins 
in the ER; null mutant displays induction of the unfolded protein response; 
interacts with Gal80p 
- 
Protein degradation          
DOA1 WD repeat protein required for ubiquitin-mediated protein degradation, forms 
complex with Cdc48p, plays a role in controlling cellular ubiquitin 
concentration; also promotes efficient NHEJ in postdiauxic/stationary phase 
- 
SAN1 Ubiquitin-protein ligase; involved in the proteasome-dependent degradation of 
aberrant nuclear proteins; targets substrates with regions of exposed 
hydrophobicity containing 5 or more contiguous hydrophobic residues; contains 
intrinsically disordered regions that contribute to substrate recognition 
- 
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TOM1 E3 ubiquitin ligase of the hect-domain class; has a role in mRNA export from 
the nucleus and may regulate transcriptional coactivators; involved in 
degradation of excess histones 
- 
UBP3 Ubiquitin-specific protease that interacts with Bre5p to co-regulate anterograde 
and retrograde transport between the ER and Golgi; inhibitor of gene silencing; 
cleaves ubiquitin fusions but not polyubiquitin; also has mRNA binding activity 
- 
UMP1 Short-lived chaperone required for correct maturation of the 20S proteasome; 
may inhibit premature dimerization of proteasome half-mers; degraded by 
proteasome upon completion of its assembly 
-- 
VMS1 Component of a Cdc48p-complex involved in protein quality control; exhibits 
cytosolic and ER-membrane localization, with Cdc48p, during normal growth, 
and contributes to ER-associated degradation (ERAD) of specific substrates at a 
step after their ubiquitination; forms a mitochondrially-associated complex with 
Cdc48p and Npl4p under oxidative stress that is required for ubiquitin-mediated 
mitochondria-associated protein degradation (MAD); conserved in C. elegans 
and humans 
-- 
Transcription machinery and RNA 
processing 
       
ADA2 Transcription coactivator, component of the ADA and SAGA transcriptional 
adaptor/HAT (histone acetyltransferase) complexes 
- 
BRR1 snRNP protein component of spliceosomal snRNPs, required for pre-mRNA 
splicing and snRNP biogenesis; in null mutant newly-synthesized snRNAs are 
destabilized and 3'-end processing is slowed 
- 
CBF1 Helix-loop-helix protein that binds the motif CACRTG, which is present at 
several sites including MET gene promoters and centromere DNA element I 
(CDEI); required for nucleosome positioning at this motif; targets Isw1p to 
DNA  
- 
CTK3 Gamma subunit of C-terminal domain kinase I (CTDK-I), which 
phosphorylates both RNA pol II subunit Rpo21p to affect transcription and pre-
mRNA 3' end processing, and ribosomal protein Rps2p to increase translational 
fidelity 
- 
DHH1 Cytoplasmic DExD/H-box helicase, stimulates mRNA decapping, coordinates 
distinct steps in mRNA function and decay, interacts with both the decapping 
and deadenylase complexes, may have a role in mRNA export and translation 
-- 
EST3 Component of the telomerase holoenzyme, involved in 
telomere replication  
   - 
GAL11 Subunit of the RNA polymerase II mediator complex; associates with core 
polymerase subunits to form the RNA polymerase II holoenzyme; affects 
transcription by acting as target of activators and repressors; forms part of the 
tail domain of mediator 
- 
HTL1 Component of the RSC chromatin remodeling complex; RSC functions in 
transcriptional regulation and elongation, chromosome stability, and 
establishing sister chromatid cohesion; involved in telomere maintenance 
-- 
IWR1 RNA polymerase II transport factor, conserved from yeast to humans; involved 
in both basal and regulated transcription from RNA polymerase II (RNAP II) 
promoters, but not itself a transcription factor; interacts with most of the RNAP 
II subunits; nucleo-cytoplasmic shuttling protein; deletion causes 
hypersensitivity to K1 killer toxin 
-- 
KEM1 Evolutionarily-conserved 5'-3' exonuclease component of cytoplasmic 
processing (P) bodies involved in mRNA decay; plays a role in microtubule-
mediated processes, filamentous growth, ribosomal RNA maturation, and 
telomere maintenance 
-- 
LEA1 Component of U2 snRNP; disruption causes reduced U2 snRNP levels; 
physically interacts with Msl1p; putative homolog of human U2A' snRNP 
protein 
-- 
LEO1 Component of the Paf1 complex, which associates with RNA polymerase II and 
is involved in histone methylation; plays a role in regulating Ty1 transposition 
- 
LSM7 Lsm (Like Sm) protein; part of heteroheptameric complexes (Lsm2p-7p and 
either Lsm1p or 8p): cytoplasmic Lsm1p complex involved in mRNA decay; 
nuclear Lsm8p complex part of U6 snRNP and possibly involved in processing 
tRNA, snoRNA, and rRNA 
- 
MAK32 Protein necessary for structural stability of L-A double-
stranded RNA-containing particles 
   - 
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MFA2 Mating pheromone a-factor, made by a cells; interacts with alpha cells to induce 
cell cycle arrest and other responses leading to mating; biogenesis involves C-
terminal modification, N-terminal proteolysis, and export; also encoded by 
MFA1 
- 
NDT80 Meiosis-specific transcription factor required for exit from pachytene and for 
full meiotic recombination; activates middle sporulation genes; competes with 
Sum1p for binding to promoters containing middle sporulation elements (MSE) 
- 
NPL3 RNA-binding protein that promotes elongation, regulates termination, and 
carries poly(A) mRNA from nucleus to cytoplasm; required for pre-mRNA 
splicing; dissociation from mRNAs promoted by Mtr10p; phosphorylated by 
Sky1p in the cytoplasm 
- 
NSR1 Nucleolar protein that binds nuclear localization sequences, required for pre-
rRNA processing and ribosome biogenesis 
- 
POP2 RNase of the DEDD superfamily, subunit of the Ccr4-Not complex that 
mediates 3' to 5' mRNA deadenylation  
-- 
REF2 RNA-binding protein involved in the cleavage step of mRNA 3'-end formation 
prior to polyadenylation, and in snoRNA maturation; part of holo-CPF 
subcomplex APT, which associates with 3'-ends of snoRNA- and mRNA-
encoding genes 
- 
RPB9 RNA polymerase II subunit B12.6; contacts DNA; mutations affect 
transcription start site selection and fidelity of transcription 
- 
RTF1 Subunit of the RNA polymerase II-associated Paf1 complex; directly or 
indirectly regulates DNA-binding properties of Spt15p and relative activities of 
different TATA elements; involved in telomere maintenance 
- 
SIN4 Subunit of the RNA polymerase II mediator complex; associates with core 
polymerase subunits to form the RNA polymerase II holoenzyme; contributes to 
both postive and negative transcriptional regulation; dispensible for basal 
transcription 
-- 
SIP3 Protein that activates transcription through interaction with DNA-bound Snf1p, 
C-terminal region has a putative leucine zipper motif; potential Cdc28p 
substrate 
- 
SOH1 Subunit of the RNA polymerase II mediator complex; associates with core 
polymerase subunits to form the RNA polymerase II holoenzyme; involved in 
telomere maintenance; conserved with other metazoan MED31 subunits 
- 
SPT3 Subunit of the SAGA and SAGA-like transcriptional regulatory complexes, 
interacts with Spt15p to activate transcription of some RNA polymerase II-
dependent genes, also functions to inhibit transcription at some promoters 
- 
STO1 Large subunit of the nuclear mRNA cap-binding protein complex, interacts with 
Npl3p to carry nuclear poly(A)- mRNA to cytoplasm; also involved in nuclear 
mRNA degradation and telomere maintenance; orthologous to mammalian 
CBP80 
- 
THP1 Nuclear pore-associated protein, forms a complex with Sac3p that is involved in 
transcription and in mRNA export from the nucleus; contains a PAM domain 
implicated in protein-protein binding 
-- 
THP2 Subunit of the THO complex, which connects transcription elongation and 
mitotic recombination, and of the TREX complex, which is recruited to 
activated genes and couples transcription to mRNA export; involved in 
telomere maintenance 
- 
YTA7 Protein that localizes to chromatin and has a role in regulation of histone gene 
expression; has a bromodomain-like region that interacts with the N-terminal 
tail of histone H3, and an ATPase domain; potentially phosphorylated by 
Cdc28p 
- 
tRNA metabolism          
ARC1 Protein that binds tRNA and methionyl- and glutamyl-tRNA synthetases 
(Mes1p and Gus1p), delivering tRNA to them, stimulating catalysis, and 
ensuring their localization to the cytoplasm; also binds quadruplex nucleic acids 
- 
DEG1 tRNA:pseudouridine synthase, introduces pseudouridines at position 38 or 39 in 
tRNA, important for maintenance of translation efficiency and normal cell 
growth, localizes to both the nucleus and cytoplasm; non-essential for viability  
-- 
MSD1 Mitochondrial aspartyl-tRNA synthetase, required for acylation of aspartyl-
tRNA; yeast and bacterial aspartyl-, asparaginyl-, and lysyl-tRNA synthetases 
contain regions with high sequence similarity, suggesting a common ancestral 
gene 
- 
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MSF1 Mitochondrial phenylalanyl-tRNA synthetase, active as a monomer, unlike the 
cytoplasmic subunit which is active as a dimer complexed to a beta subunit 
dimer; similar to the alpha subunit of E. coli phenylalanyl-tRNA synthetase 
- 
MSY1 Mitochondrial tyrosyl-tRNA 
synthetase 
      - 
SLM3 tRNA-specific 2-thiouridylase, responsible for 2-thiolation of the wobble base 
of mitochondrial tRNAs; human ortholog is implicated in myoclonus epilepsy 
associated with ragged red fibers (MERRF) 
- 
SLM5 Mitochondrial asparaginyl-tRNA 
synthetase  
     - 
TRM1 tRNA methyltransferase; two forms of the protein are made by alternative 
translation starts; localizes to both the nucleus and mitochondrion to produce 
the modified base N2,N2-dimethylguanosine in tRNAs in both compartments 
- 
DNA repair           
CTF18 Subunit of a complex with Ctf8p that shares some subunits with Replication 
Factor C and is required for sister chromatid cohesion; may have overlapping 
functions with Rad24p in the DNA damage replication checkpoint 
- 
DCC1 Subunit of a complex with Ctf8p and Ctf18p that shares some components with 
Replication Factor C, required for sister chromatid cohesion and telomere 
length maintenance 
- 
MRE11 Subunit of a complex with Rad50p and Xrs2p (MRX complex) that functions in 
repair of DNA double-strand breaks and in telomere stability, exhibits nuclease 
activity that appears to be required for MRX function; widely conserved 
- 
XRS2 Protein required for DNA repair; component of the Mre11 complex, which is 
involved in double strand breaks, meiotic recombination, telomere maintenance, 
and checkpoint signaling 
- 
Unknown           
AIM31 Putative protein of unknown function; GFP-fusion protein localizes to 
mitochondria; may interact with respiratory chain complexes III or IV; null 
mutant is viable and displays reduced frequency of mitochondrial genome loss 
- 
BUD30 Dubious open reading frame, unlikely to encode a protein; not conserved in 
closely related Saccharomyces species; 96% of ORF overlaps the verified gene 
RPC53; diploid mutant displays a weak budding pattern phenotype in a 
systematic assay 
-- 
FYV6 Protein of unknown function, required for survival upon exposure to K1 killer 
toxin; proposed to regulate double-strand break repair via non-homologous end-
joining 
- 
HGH1 Nonessential protein of unknown function; predicted to be involved in ribosome 
biogenesis; green fluorescent protein (GFP)-fusion protein localizes to the 
cytoplasm; similar to mammalian BRP16 (Brain protein 16) 
- 
HUR1 Protein of unknown function; reported null mutant phenotype of hydroxyurea 
sensitivity may be due to effects on overlapping PMR1 gene 
- 
IRC2 Dubious open reading frame, unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially overlaps YDR111C; null 
mutant displays increased levels of spontaneous Rad52p foci  
- 
IRC3 Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; null mutant displays increased 
levels of spontaneous Rad52 foci 
- 
LDB16 Protein of unknown function; null mutants have decreased net negative cell 
surface charge; GFP-fusion protein expression is induced in response to the 
DNA-damaging agent MMS; native protein is detected in purified mitochondria 
- 
MGR2 Protein required for growth of cells lacking the 
mitochondrial genome 
    - 
NRP1 Putative RNA binding protein of unknown function; localizes to stress granules 
induced by glucose deprivation; predicted to be involved in ribosome 
biogenesis 
- 
RTC2 Protein of unknown function; identified in a screen for mutants with decreased 
levels of rDNA transcription; detected in highly purified mitochondria; null 
mutant suppresses cdc13-1; similar to a G-protein coupled receptor from S. 
Pombe 
-- 
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RTC3 Protein of unknown function involved in RNA metabolism; has structural 
similarity to SBDS, the human protein mutated in Shwachman-Diamond 
Syndrome (the yeast SBDS ortholog = SDO1); null mutation suppresses cdc13-
1 temperature sensitivity  
- 
VPS61 Dubious open reading frame, unlikely to encode a protein; not conserved in 
closely related Saccharomyces species; 4% of ORF overlaps the verified gene 
RGP1; deletion causes a vacuolar protein sorting defect  
-- 
VPS63 Dubious open reading frame, unlikely to encode a protein; not conserved in 
closely related Saccharomyces species; 98% of ORF overlaps the verified gene 
YPT6; deletion causes a vacuolar protein sorting defect 
- 
VPS65 Dubious open reading frame, unlikely to encode a protein; not conserved in 
closely related Saccharomyces species; 75% of ORF overlaps the verified gene 
SFH1; deletion causes a vacuolar protein sorting defect and blocks anaerobic 
growth 
-- 
YCR095w-a Putative protein of unknown 
function 
      - 
YDL009c Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially overlaps the 
uncharacterized ORF YDL010W; YDL009C is not an essential gene 
-- 
YDL068w Dubious ORF unlikely to encode a protein, based on available 
experimental and comparative sequence data 
 - 
YDL156w Putative protein of unknown function; protein sequence contains three WD 
domains (WD-40 repeat); green fluorescent protein (GFP)-fusion protein 
localizes to the cytoplasm and nucleus; potential regulatory target of Mbp1p, 
which binds to the YDL156W promoter region 
- 
YDR048c Dubious ORF unlikely to encode a functional protein, based on available 
experimental and comparative sequence data 
- 
YDR417c Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially overlaps the verified 
ORF RPL12B/YDR418W 
- 
YGL024w Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially/completely overlaps the 
verified ORF PGD1/YGL025C 
- 
YKL118w Dubious open reading frame, unlikely to encode a protein; partially 
overlaps the verified gene VPH2 
 -- 
YKR004C-A Putative protein of unknown function, identified by gene-trapping, microarray-
based expression analysis, and genome-wide homology searching; deletion 
exhibits slow-growth phenotype; computationally predicted to have a role in 
cell budding         
         
- 
YLR338w Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially overlaps the verified 
ORF VRP1/YLR337C 
- 
YLR426w Putative protein of unknown function; detected in highly purified mitochondria 
in high-throughput studies; proposed to be involved in resistance to 
mechlorethamine and streptozotocin; null mutant sensitive to expression of 
top1-T722A allele  
- 
YMR031w-a Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; null mutant displays shortened 
telomeres; partially overlaps the uncharacterized ORF YMR031C 
- 
YMR194c-a Dubious open reading frame unlikely to encode a functional protein, based on 
available experimental and comparative sequence data 
- 
YNL170c Dubious open reading frame unlikely to encode a functional protein, based on 
available experimental and comparative sequence data 
- 
YNL198c Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data  
- 
YNL338w Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; completely overlaps TEL14L-
XC, which is Telomeric X element Core sequence on the left arm of 
Chromosome XIV 
- 
YNR005c Dubious open reading frame unlikely to encode a functional protein, based on 
available experimental and comparative sequence data 
- 
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YOR304c-a Protein of unknown function; green fluorescent protein (GFP)-fusion protein 
localizes to the cell periphery, cytoplasm, bud, and bud neck 
- 
YPL205c Hypothetical protein; deletion of locus affects 
telomere length 
    - 
YPR099c Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially overlaps the verified 
gene MRPL51/YPR100W 
- 
YAF9 Subunit of both the NuA4 histone H4 acetyltransferase complex and the SWR1 
complex, may function to antagonize silencing near telomeres; interacts directly 
with Swc4p, has homology to human leukemogenic protein AF9, contains a 
YEATS domain 
- 
 
Table S7 - List of the most representative biological functions and associated genes whose deletion was 
found to decrease yeast tolerance to inhibitory compounds present in SH. Two levels of inhibition were 
considered ((-) and (--)) based on increasing levels of growth deficiency of the deletion mutants, compared to 
the parental strain. 
 
Gene Cellular function Susceptibility 
level 
Stress response 
         
HSP12 Plasma membrane protein involved in maintaining membrane organization in 
stress conditions; induced by heat shock, oxidative stress, osmostress, stationary 
phase, glucose depletion, oleate and alcohol; regulated by HOG and Ras-Pka 
pathways 
- 
MSN2 Transcriptional activator related to Msn4p; activated in stress conditions, which 
results in translocation from the cytoplasm to the nucleus; binds DNA at stress 
response elements of responsive genes, inducing gene expression 
- 
MXR2 Methionine-R-sulfoxide reductase, involved in the response to oxidative stress; 
protects iron-sulfur clusters from oxidative inactivation along with MXR1; 
involved in the regulation of lifespan 
- 
SOD1 Cytosolic copper-zinc superoxide dismutase; some mutations are analogous to 
those that cause ALS (amyotrophic lateral sclerosis) in humans 
- 
STB5 Transcription factor, involved in regulating multidrug resistance and oxidative 
stress response; forms a heterodimer with Pdr1p; contains a Zn(II)2Cys6 zinc 
finger domain that interacts with a pleiotropic drug resistance element in vitro 
-- 
Carbohydrate/energy metabolism       
COX6 Subunit VI of cytochrome c oxidase, which is the terminal member of the 
mitochondrial inner membrane electron transport chain; expression is regulated by 
oxygen levels 
- 
IDH1  Subunit of mitochondrial NAD(-)-dependent isocitrate dehydrogenase, which 
catalyzes the oxidation of isocitrate to alpha-ketoglutarate in the TCA cycle 
- 
IDP1 Mitochondrial NADP-specific isocitrate dehydrogenase, catalyzes the oxidation of 
isocitrate to alpha-ketoglutarate; not required for mitochondrial respiration and 
may function to divert alpha-ketoglutarate to biosynthetic processes 
-- 
NDE1 Mitochondrial external NADH dehydrogenase, a type II NAD(P)H:quinone 
oxidoreductase that catalyzes the oxidation of cytosolic NADH; Nde1p and Nde2p 
provide cytosolic NADH to the mitochondrial respiratory chain 
- 
RPE1 D-ribulose-5-phosphate 3-epimerase, catalyzes a reaction in the non-oxidative part 
of the pentose-phosphate pathway; mutants are sensitive to oxidative stress 
- 
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ZWF1 Glucose-6-phosphate dehydrogenase (G6PD), catalyzes the first step of the pentose 
phosphate pathway; involved in adapting to oxidatve stress; homolog of the human 
G6PD which is deficient in patients with hemolytic anemia 
- 
Aminoacid metabolism         
AAH1  Adenine deaminase (adenine aminohydrolase), converts adenine to hypoxanthine; 
involved in purine salvage; transcriptionally regulated by nutrient levels and 
growth phase; Aah1p degraded upon entry into quiescence via SCF and the 
proteasome 
- 
ARO7 Chorismate mutase, catalyzes the conversion of chorismate to prephenate to initiate 
the tyrosine/phenylalanine-specific branch of aromatic amino acid biosynthesis  
- 
GCN2 Protein kinase, phosphorylates the alpha-subunit of translation initiation factor 
eIF2 (Sui2p) in response to starvation; activated by uncharged tRNAs and the 
Gcn1p-Gcn20p complex; contributes to DNA damage checkpoint control 
- 
GCN4 Basic leucine zipper (bZIP) transcriptional activator of amino acid biosynthetic 
genes in response to amino acid starvation; expression is tightly regulated at both 
the transcriptional and translational levels 
-- 
GLY1 Threonine aldolase, catalyzes the cleavage of L-allo-threonine and L-threonine to 
glycine; involved in glycine biosynthesis 
- 
HIS5 Histidinol-phosphate aminotransferase, catalyzes the seventh step in histidine 
biosynthesis; responsive to general control of amino acid biosynthesis; mutations 
cause histidine auxotrophy and sensitivity to Cu, Co, and Ni salts  
- 
LTV1 Component of the GSE complex, which is required for proper sorting of amino 
acid permease Gap1p; required for ribosomal small subunit export from nucleus; 
required for growth at low temperature 
- 
MKS1 Pleiotropic negative transcriptional regulator involved in Ras-CAMP and lysine 
biosynthetic pathways and nitrogen regulation; involved in retrograde (RTG) 
mitochondria-to-nucleus signaling 
- 
NPR2 Subunit of the conserved Npr2/3 complex that mediates downregulation of TORC1 
activity upon amino acid limitation; subunit of SEA (Seh1-associated) complex; 
homolog of human NPRL2; target of Grr1p; required for growth on urea and 
proline  
- 
SER1 3-phosphoserine aminotransferase, catalyzes the formation of phosphoserine from 
3-phosphohydroxypyruvate, required for serine and glycine biosynthesis; regulated 
by the general control of amino acid biosynthesis mediated by Gcn4p 
- 
Vitamin metabolism        
THI12 Protein involved in synthesis of the thiamine precursor hydroxymethylpyrimidine 
(HMP); member of a subtelomeric gene family including THI5, THI11, THI12, 
and THI13 
- 
THI3 Probable alpha-ketoisocaproate decarboxylase, may have a role in catabolism of 
amino acids to long-chain and complex alcohols; required for expression of 
enzymes involved in thiamine biosynthesis 
- 
Nucleotide metabolism         
ADK1 Adenylate kinase, required for purine metabolism; localized to the cytoplasm and 
the mitochondria; lacks cleavable signal sequence 
-- 
BNA1 3-hydroxyanthranilic acid dioxygenase, required for the de novo biosynthesis of 
NAD from tryptophan via kynurenine; expression regulated by Hst1p 
- 
NRK1 Nicotinamide riboside kinase, catalyzes the phosphorylation of nicotinamide 
riboside and nicotinic acid riboside in salvage pathways for NAD- biosynthesis 
- 
PRS3 5-phospho-ribosyl-1(alpha)-pyrophosphate synthetase, synthesizes PRPP, which is 
required for nucleotide, histidine, and tryptophan biosynthesis; one of five related 
enzymes, which are active as heteromultimeric complexes 
-- 
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Ion transport          
ATX1  Cytosolic copper metallochaperone that transports copper to the secretory vesicle 
copper transporter Ccc2p for eventual insertion into Fet3p, which is a multicopper 
oxidase required for high-affinity iron uptake 
- 
BOR1 Boron efflux transporter of the plasma membrane; binds HCO3-, I-, Br-, NO3- and 
Cl-; has similarity to the characterized boron efflux transporter A. thaliana BOR1 
- 
FRA2 Protein involved in negative regulation of transcription of iron regulon; forms an 
iron independent complex with Fra2p, Grx3p, and Grx4p; null mutant fails to 
repress iron regulon and is sensitive to nickel 
- 
FRE8 Protein with sequence similarity to iron/copper reductases, involved in iron 
homeostasis; deletion mutant has iron deficiency/accumulation growth defects; 
expression increased in the absence of copper-responsive transcription factor 
Mac1p 
- 
GEF1 Voltage-gated chloride channel localized to the golgi, the endosomal system, and 
plasma membrane, and involved in cation homeostasis; highly homologous to 
vertebrate voltage-gated chloride channels 
- 
HRK1 Protein kinase implicated in activation of the plasma membrane H(-)-ATPase 
Pma1p in response to glucose metabolism; plays a role in ion homeostasis 
-- 
PMR1 High affinity Ca2-/Mn2- P-type ATPase required for Ca2- and Mn2- transport into 
Golgi; involved in Ca2- dependent protein sorting and processing; mutations in 
human homolog ATP2C1 cause acantholytic skin condition Hailey-Hailey disease 
- 
PTK2 Putative serine/threonine protein kinase involved in regulation of ion transport 
across plasma membrane; enhances spermine uptake 
- 
Lipid metabolism        
CHO2 Phosphatidylethanolamine methyltransferase (PEMT), catalyzes the first step in the 
conversion of phosphatidylethanolamine to phosphatidylcholine during the 
methylation pathway of phosphatidylcholine biosynthesis 
- 
CST6 Basic leucine zipper (bZIP) transcription factor of the ATF/CREB family, 
proposed to be a regulator of oleate responsive genes; involved in utilization of 
non-optimal carbon sources and chromosome stability 
- 
ERG2 C-8 sterol isomerase, catalyzes the isomerization of the delta-8 double bond to the 
delta-7 position at an intermediate step in ergosterol biosynthesis 
-- 
ERG24 C-14 sterol reductase, acts in ergosterol biosynthesis; mutants accumulate the 
abnormal sterol ignosterol (ergosta-8,14 dienol), and are viable under anaerobic 
growth conditions but inviable on rich medium under aerobic conditions 
- 
FAB1 1-phosphatidylinositol-3-phosphate 5-kinase; vacuolar membrane kinase that 
generates phosphatidylinositol (3,5)P2, which is involved in vacuolar sorting and 
homeostasis  
- 
INO2 Component of the heteromeric Ino2p/Ino4p basic helix-loop-helix transcription 
activator that binds inositol/choline-responsive elements (ICREs), required for 
derepression of phospholipid biosynthetic genes in response to inositol depletion  
-- 
INO4 Transcription factor required for derepression of inositol-choline-regulated genes 
involved in phospholipid synthesis; forms a complex, with Ino2p, that binds the 
inositol-choline-responsive element through a basic helix-loop-helix domain 
- 
IPK1 Inositol 1,3,4,5,6-pentakisphosphate 2-kinase, nuclear protein required for 
synthesis of 1,2,3,4,5,6-hexakisphosphate (phytate), which is integral to cell 
function; has 2 motifs conserved in other fungi; ipk1 gle1 double mutant is inviable 
- 
IRS4 EH domain-containing protein involved in regulating phosphatidylinositol 4,5-
bisphosphate levels and autophagy; Irs4p and Tax4p bind and activate the PtdIns 
phosphatase Inp51p; Irs4p and Tax4p are involved in localizing Atg17p to the PAS 
- 
MGA2 ER membrane protein involved in regulation of OLE1 transcription, acts with 
homolog Spt23p; inactive ER form dimerizes and one subunit is then activated by 
ubiquitin/proteasome-dependent processing followed by nuclear targeting 
- 
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OPI3  Phospholipid methyltransferase (methylene-fatty-acyl-phospholipid synthase), 
catalyzes the last two steps in phosphatidylcholine biosynthesis 
- 
ORM1 Evolutionarily conserved protein, similar to Orm2p, required for resistance to 
agents that induce unfolded protein response; Orm1p and Orm2p together control 
membrane biogenesis by coordinating lipid homeostasis with protein quality 
control  
- 
PDR17 Phosphatidylinositol transfer protein (PITP), downregulates Plb1p-mediated 
turnover of phosphatidylcholine, found in the cytosol and microsomes, 
homologous to Pdr16p, deletion affects phospholipid composition 
- 
PIL1 Primary component of eisosomes, which are large immobile cell cortex structures 
associated with endocytosis; null mutants show activation of Pkc1p/Ypk1p stress 
resistance pathways; detected in phosphorylated state in mitochondria; member of 
the BAR domain family 
- 
PSD2 Phosphatidylserine decarboxylase of the Golgi and vacuolar membranes, converts 
phosphatidylserine to phosphatidylethanolamine 
- 
SAC1 Phosphatidylinositol phosphate (PtdInsP) phosphatase involved in hydrolysis of 
PtdIns[4]P; transmembrane protein localizes to ER and Golgi; involved in protein 
trafficking and processing, secretion, and cell wall maintenance 
- 
SUR1 Probable catalytic subunit of a mannosylinositol phosphorylceramide (MIPC) 
synthase, forms a complex with probable regulatory subunit Csg2p; function in 
sphingolipid biosynthesis is overlapping with that of Csh1p 
- 
TEP1  PTEN homolog with no demonstrated inositol lipid phosphatase activity; plays a 
role in normal sporulation; homolog of human tumor suppressor gene 
PTEN/MMAC1/TEP1 and fission yeast ptn1 
- 
Cell wall structure organization        
ANP1 Subunit of the alpha-1,6 mannosyltransferase complex; type II membrane protein; 
has a role in retention of glycosyltransferases in the Golgi; involved in osmotic 
sensitivity and resistance to aminonitrophenyl propanediol 
- 
BGL2 Endo-beta-1,3-glucanase, major protein of the cell wall, involved in cell 
wall maintenance 
 - 
GAS1 Beta-1,3-glucanosyltransferase, required for cell wall assembly and also has a role 
in transcriptional silencing; localizes to the cell surface via a 
glycosylphosphatidylinositol (GPI) anchor; also found at the nuclear periphery 
- 
KRE11 Subunit of TRAPPII, a multimeric guanine nucleotide-exchange factor for Ypt1p; 
involved in intra-Golgi traffic and the retrograde pathway from the endosome to 
Golgi; role in cell wall beta-glucan biosynthesis and the stress response 
- 
ROM2 GDP/GTP exchange factor (GEF) for Rho1p and Rho2p; mutations are 
synthetically lethal with mutations in rom1, which also encodes a GEF; Rom2p 
localization to the bud surface is dependent on Ack1p 
-- 
SAG1 Alpha-agglutinin of alpha-cells, binds to Aga1p during agglutination, N-terminal 
half is homologous to the immunoglobulin superfamily and contains binding site 
for a-agglutinin, C-terminal half is highly glycosylated and contains GPI anchor  
- 
Cytoskeleton organization and cell morphology        
AFR1 Protein required for pheromone-induced projection (shmoo) formation; regulates 
septin architecture during mating; has an RVXF motif that mediates targeting of 
Glc7p to mating projections; interacts with Cdc12p 
- 
ALF1 Alpha-tubulin folding protein, similar to mammalian cofactor B; Alf1p-GFP 
localizes to cytoplasmic microtubules; required for the folding of alpha-tubulin and 
may play an additional role in microtubule maintenance 
- 
BEM1 Protein containing SH3-domains, involved in establishing cell polarity and 
morphogenesis; functions as a scaffold protein for complexes that include Cdc24p, 
Ste5p, Ste20p, and Rsr1p 
- 
BEM2 Rho GTPase activating protein (RhoGAP) involved in the control of cytoskeleton 
organization and cellular morphogenesis; required for bud emergence 
- 
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BEM4 Protein involved in establishment of cell polarity and bud emergence; interacts 
with the Rho1p small GTP-binding protein and with the Rho-type GTPase Cdc42p; 
involved in maintenance of proper telomere length 
- 
BIK1  Microtubule-associated protein, component of the interface between microtubules 
and kinetochore, involved in sister chromatid separation; essential in polyploid 
cells but not in haploid or diploid cells; ortholog of mammalian CLIP-170 
- 
BUD21 Component of small ribosomal subunit (SSU) processosome that contains U3 
snoRNA; originally isolated as bud-site selection mutant that displays a random 
budding pattern 
- 
BUD25 Protein involved in bud-site selection; diploid mutants display a random budding 
pattern instead of the wild-type bipolar pattern 
- 
BUD27 Unconventional prefoldin protein involved in translation initiation; mutants have 
inappropriate expression of nutrient sensitive genes due to translational 
derepression of Gcn4p transcription factor; diploid mutants show random budding 
- 
END3 EH domain-containing protein involved in endocytosis, actin cytoskeletal 
organization and cell wall morphogenesis; forms a complex with Sla1p and Pan1p 
- 
 FAR11 Protein involved in recovery from cell cycle arrest in response to pheromone, in a 
Far1p-independent pathway; interacts with Far3p, Far7p, Far8p, Far9p, and 
Far10p; has similarity to the N- and C-termini of N. crassa HAM-2  
-- 
GIN4 Protein kinase involved in bud growth and assembly of the septin ring, proposed to 
have kinase-dependent and kinase-independent activities; undergoes 
autophosphorylation; similar to Kcc4p and Hsl1p 
- 
LEA1 Component of U2 snRNP; disruption causes reduced U2 snRNP levels; physically 
interacts with Msl1p; putative homolog of human U2A' snRNP protein 
- 
MRC1  S-phase checkpoint protein required for DNA replication; interacts with and 
stabilizes Pol2p at stalled replication forks during stress, where it forms a pausing 
complex with Tof1p and is phosphorylated by Mec1p; protects uncapped telomeres 
- 
RAS2 GTP-binding protein that regulates the nitrogen starvation response, sporulation, 
and filamentous growth; farnesylation and palmitoylation required for activity and 
localization to plasma membrane; homolog of mammalian Ras proto-oncogenes 
- 
RDI1 Rho GDP dissociation inhibitor involved in the localization and 
regulation of Cdc42p and Rho1p 
 - 
SIW14 Tyrosine phosphatase that plays a role in actin filament organization and 
endocytosis; localized to the cytoplasm 
- 
VRP1 Proline-rich actin-associated protein involved in cytoskeletal organization and 
cytokinesis; related to mammalian Wiskott-Aldrich syndrome protein (WASP)-
interacting protein (WIP)  
- 
Mitochondrial function        
BXI1 Protein involved in apoptosis; variously described as containing a BCL-2 
homology (BH3) domain or as a member of the BAX inhibitor family; reported to 
promote apoptosis under some conditions and to inhibit it in others; localizes to ER 
and vacuole; may link the unfolded protein response to apoptosis via regulation of 
calcium-mediated signaling; translocates to mitochondria under apoptosis-inducing 
conditions in a process involving Mir1p and Cor1p 
- 
COX18 Mitochondrial integral inner membrane protein required for membrane insertion of 
C-terminus of Cox2p; interacts genetically and physically with Mss2p and Pnt1p; 
similar to S. cerevisiae Oxa1, N. crassa Oxa2p, and E. coli YidC  
- 
MRPL32 Mitochondrial ribosomal protein of the large 
subunit 
    - 
MRPS35 Mitochondrial ribosomal protein of the small 
subunit 
    - 
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PET20 Mitochondrial protein, required for respiratory growth under some conditions and 
for stability of the mitochondrial genome 
- 
PPT2 Phosphopantetheine:protein transferase (PPTase), activates mitochondrial acyl 
carrier protein (Acp1p) by phosphopantetheinylation 
- 
SSQ1  Mitochondrial hsp70-type molecular chaperone, required for assembly of 
iron/sulfur clusters into proteins at a step after cluster synthesis, and for maturation 
of Yfh1p, which is a homolog of human frataxin implicated in Friedreich's ataxia 
- 
Peroxissomal function         
PEX7 Peroxisomal signal receptor for the N-terminal nonapeptide signal (PTS2) of 
peroxisomal matrix proteins; WD repeat protein; defects in human homolog cause 
lethal rhizomelic chondrodysplasia punctata (RCDP) 
- 
PEX34 Peroxisomal integral membrane protein that regulates peroxisome populations; 
interacts with Pex11p, Pex25p, and Pex27p to control both constitutive peroxisome 
division and peroxisome morphology and abundance during peroxisome 
proliferation 
- 
PEX6 AAA-peroxin that heterodimerizes with AAA-peroxin Pex1p and participates in 
the recycling of peroxisomal signal receptor Pex5p from the peroxisomal 
membrane to the cystosol  
-- 
Vacuolar 
acidification 
         
PKR1 V-ATPase assembly factor, functions with other V-ATPase assembly factors in the 
ER to efficiently assemble the V-ATPase membrane sector 
- 
RAV1 Subunit of the RAVE complex (Rav1p, Rav2p, Skp1p), which promotes assembly 
of the V-ATPase holoenzyme; required for transport between the early and late 
endosome/PVC and for localization of TGN membrane proteins; potential Cdc28p 
substrate 
- 
VMA1 Subunit A of the eight-subunit V1 peripheral membrane domain of the vacuolar H-
-ATPase; protein precursor undergoes self-catalyzed splicing to yield the extein 
Tfp1p and the intein Vde (PI-SceI), which is a site-specific endonuclease 
- 
VMA21 Integral membrane protein that is required for vacuolar H--ATPase (V-ATPase) 
function, although not an actual component of the V-ATPase complex; functions in 
the assembly of the V-ATPase; localized to the yeast endoplasmic reticulum (ER) 
-- 
VMA22 Peripheral membrane protein that is required for vacuolar H--ATPase (V-ATPase) 
function, although not an actual component of the V-ATPase complex; functions in 
the assembly of the V-ATPase; localized to the yeast endoplasmic reticulum (ER) 
-- 
VMA8 Subunit D of the eight-subunit V1 peripheral membrane domain of the vacuolar H-
-ATPase (V-ATPase), an electrogenic proton pump found throughout the 
endomembrane system; plays a role in the coupling of proton transport and ATP 
hydrolysis 
- 
VPH1 Subunit a of vacuolar-ATPase V0 domain, one of two isoforms (Vph1p and 
Stv1p); Vph1p is located in V-ATPase complexes of the vacuole while Stv1p is 
located in V-ATPase complexes of the Golgi and endosomes 
- 
Intracellular traficking and protein sorting       
BRO1 Cytoplasmic class E vacuolar protein sorting (VPS) factor that coordinates 
deubiquitination in the multivesicular body (MVB) pathway by recruiting Doa4p to 
endosomes 
- 
DID2 Class E protein of the vacuolar protein-sorting (Vps) pathway; binds Vps4p and 
directs it to dissociate ESCRT-III complexes; forms a functional and physical 
complex with Ist1p; human ortholog may be altered in breast tumors 
- 
EMC1 Member of a transmembrane complex required for efficient folding of proteins in 
the ER; null mutant displays induction of the unfolded protein response; interacts 
with Gal80p 
- 
GGA2 Protein that interacts with and regulates Arf1p and Arf2p in a GTP-dependent 
manner to facilitate traffic through the late Golgi; binds phosphatidylinositol 4-
phosphate, which plays a role in TGN localization; has homology to gamma-
- 
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adaptin 
IST1 Protein with a positive role in the multivesicular body sorting pathway; functions 
and forms a complex with Did2p; recruitment to endosomes is mediated by the 
Vps2p-Vps24p subcomplex of ESCRT-III; also interacts with Vps4p 
- 
PEP5 Component of CORVET tethering complex; peripheral vacuolar membrane protein 
required for protein trafficking and vacuole biogenesis; interacts with Pep7p 
- 
PPT2 Phosphopantetheine:protein transferase (PPTase), activates mitochondrial acyl 
carrier protein (Acp1p) by phosphopantetheinylation 
- 
RIC1 Protein involved in retrograde transport to the cis-Golgi network; forms 
heterodimer with Rgp1p that acts as a GTP exchange factor for Ypt6p; involved in 
transcription of rRNA and ribosomal protein genes 
- 
SEC66 Non-essential subunit of Sec63 complex (Sec63p, Sec62p, Sec66p and Sec72p); 
with Sec61 complex, Kar2p/BiP and Lhs1p forms a channel competent for SRP-
dependent and post-translational SRP-independent protein targeting and import 
into the ER 
- 
SSO2 Plasma membrane t-SNARE involved in fusion of secretory vesicles at the plasma 
membrane; syntaxin homolog that is functionally redundant with Sso1p  
- 
STP22 Component of the ESCRT-I complex, which is involved in ubiquitin-dependent 
sorting of proteins into the endosome; homologous to the mouse and human 
Tsg101 tumor susceptibility gene; mutants exhibit a Class E Vps phenotype 
-- 
SWF1 Palmitoyltransferase that acts on transmembrane proteins, including the SNAREs 
Snc1p, Syn8p, Tlg1p and likely all SNAREs; contains an Asp-His-His-Cys-
cysteine rich (DHHC-CRD) domain; may have a role in vacuole fusion 
- 
SYS1 Integral membrane protein of the Golgi required for targeting of the Arf-like 
GTPase Arl3p to the Golgi; multicopy suppressor of ypt6 null mutation 
-- 
VAC7 Integral vacuolar membrane protein involved in vacuole inheritance and 
morphology; activates Fab1p kinase activity under basal conditions and also after 
hyperosmotic shock 
- 
VID22 Glycosylated integral membrane protein localized to the plasma membrane; plays a 
role in fructose-1,6-bisphosphatase (FBPase) degradation; involved in FBPase 
transport from the cytosol to Vid (vacuole import and degradation) vesicles 
- 
VPS1 Dynamin-like GTPase required for vacuolar sorting; also involved in actin 
cytoskeleton organization, endocytosis, late Golgi-retention of some proteins, 
regulation of peroxisome biogenesis  
- 
VPS16 Subunit of the vacuole fusion and protein sorting HOPS complex and the 
CORVET tethering complex; part of the Class C Vps complex essential for 
membrane docking and fusion at Golgi-to-endosome and endosome-to-vacuole 
protein transport stages 
-- 
VPS20 Myristoylated subunit of ESCRTIII, the endosomal sorting complex required for 
transport of transmembrane proteins into the multivesicular body pathway to the 
lysosomal/vacuolar lumen; cytoplasmic protein recruited to endosomal membranes  
- 
VPS25 Component of the ESCRT-II complex, which is involved in ubiquitin-dependent 
sorting of proteins into the endosome 
- 
VPS27 Endosomal protein that forms a complex with Hse1p; required for recycling Golgi 
proteins, forming lumenal membranes and sorting ubiquitinated proteins destined 
for degradation; has Ubiquitin Interaction Motifs which bind ubiquitin (Ubi4p) 
- 
VPS52 Component of the GARP (Golgi-associated retrograde protein) complex, Vps51p-
Vps52p-Vps53p-Vps54p, which is required for the recycling of proteins from 
endosomes to the late Golgi; involved in localization of actin and chitin 
- 
VPS66 Cytoplasmic protein of unknown function involved in 
vacuolar protein sorting. 
  - 
Ribosome biogenesis          
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ARX1 Shuttling pre-60S factor; involved in the biogenesis of ribosomal large subunit 
biogenesis; interacts directly with Alb1; responsible for Tif6 recycling defects in 
absence of Rei1; associated with the ribosomal export complex 
- 
DBP7 Putative ATP-dependent RNA helicase of the DEAD-box family involved in 
ribosomal biogenesis; essential for growth under anaerobic conditions 
- 
RPL1b N-terminally acetylated protein component of the large (60S) ribosomal subunit, 
nearly identical to Rpl1Ap and has similarity to E. coli L1 and rat L10a ribosomal 
proteins; rpl1a rpl1b double null mutation is lethal 
- 
RPL13a Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl13Bp; not essential for viability; has similarity to rat L13 ribosomal protein  
- 
RPL13b Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl13Ap; not essential for viability; has similarity to rat L13 ribosomal protein 
- 
RPL20b Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl20Ap and has similarity to rat L18a ribosomal protein  
- 
RPL27a Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl27Bp and has similarity to rat L27 ribosomal protein 
- 
RPL36b Protein component of the large (60S) ribosomal subunit, nearly identical to 
Rpl36Ap and has similarity to rat L36 ribosomal protein; binds to 5.8 S rRNA 
- 
RPL42b Protein component of the large (60S) ribosomal subunit, identical to Rpl42Ap and 
has similarity to rat L44; required for propagation of the killer toxin-encoding M1 
double-stranded RNA satellite of the L-A double-stranded RNA virus 
- 
RPL9b Protein component of the large (60S) ribosomal subunit, nearly identical to Rpl9Ap 
and has similarity to E. coli L6 and rat L9 ribosomal proteins  
- 
RPS16a Protein component of the small (40S) ribosomal subunit; identical to Rps16Bp and 
has similarity to E. coli S9 and rat S16 ribosomal proteins  
- 
RPS16b Protein component of the small (40S) ribosomal subunit; identical to Rps16Ap and 
has similarity to E. coli S9 and rat S16 ribosomal proteins 
- 
RPS27B Protein component of the small (40S) ribosomal subunit; nearly identical to 
Rps27Ap and has similarity to rat S27 ribosomal protein 
- 
SFP1 Transcription factor that controls expression of ribosome biogenesis genes in 
response to nutrients and stress, regulates G2/M transitions during mitotic cell 
cycle and DNA-damage response, modulates cell size; regulated by TORC1 and 
Mrs6p 
- 
SRO9 Cytoplasmic RNA-binding protein that associates with translating ribosomes; 
involved in heme regulation of Hap1p as a component of the HMC complex, also 
involved in the organization of actin filaments; contains a La motif 
-- 
Protein degradation          
SAN1 Ubiquitin-protein ligase; involved in the proteasome-dependent degradation of 
aberrant nuclear proteins; targets substrates with regions of exposed 
hydrophobicity containing 5 or more contiguous hydrophobic residues; contains 
intrinsically disordered regions that contribute to substrate recognition 
- 
TOM1 E3 ubiquitin ligase of the hect-domain class; has a role in mRNA export from the 
nucleus and may regulate transcriptional coactivators; involved in degradation of 
excess histones 
- 
UBP3 Ubiquitin-specific protease that interacts with Bre5p to co-regulate anterograde and 
retrograde transport between the ER and Golgi; inhibitor of gene silencing; cleaves 
ubiquitin fusions but not polyubiquitin; also has mRNA binding activity 
- 
UMP1 Short-lived chaperone required for correct maturation of the 20S proteasome; may 
inhibit premature dimerization of proteasome half-mers; degraded by proteasome 
upon completion of its assembly 
- 
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VMS1 Component of a Cdc48p-complex involved in protein quality control; exhibits 
cytosolic and ER-membrane localization, with Cdc48p, during normal growth, and 
contributes to ER-associated degradation (ERAD) of specific substrates at a step 
after their ubiquitination; forms a mitochondrially-associated complex with 
Cdc48p and Npl4p under oxidative stress that is required for ubiquitin-mediated 
mitochondria-associated protein degradation (MAD); conserved in C. elegans and 
humans 
-- 
Transcription machinery and RNA processing       
ADA2 Transcription coactivator, component of the ADA and SAGA transcriptional 
adaptor/HAT (histone acetyltransferase) complexes 
- 
BRR1 snRNP protein component of spliceosomal snRNPs, required for pre-mRNA 
splicing and snRNP biogenesis; in null mutant newly-synthesized snRNAs are 
destabilized and 3'-end processing is slowed 
- 
CBF1 Helix-loop-helix protein that binds the motif CACRTG, which is present at several 
sites including MET gene promoters and centromere DNA element I (CDEI); 
required for nucleosome positioning at this motif; targets Isw1p to DNA  
- 
CTK3 Gamma subunit of C-terminal domain kinase I (CTDK-I), which phosphorylates 
both RNA pol II subunit Rpo21p to affect transcription and pre-mRNA 3' end 
processing, and ribosomal protein Rps2p to increase translational fidelity 
- 
CTR9 Component of the Paf1p complex involved in transcription elongation; binds to 
and modulates the activity of RNA polymerases I and II; required for expression of 
a subset of genes, including cyclin genes; involved in SER3 repression by helping 
to maintain SRG1 transcription-dependent nucleosome occupancy; contains TPR 
repeats 
-- 
CUS2  Protein that binds to U2 snRNA and Prp11p, may be involved in U2 snRNA 
folding; contains two RNA recognition motifs (RRMs) 
- 
DHH1 Cytoplasmic DExD/H-box helicase, stimulates mRNA decapping, coordinates 
distinct steps in mRNA function and decay, interacts with both the decapping and 
deadenylase complexes, may have a role in mRNA export and translation 
-- 
EST3 Component of the telomerase holoenzyme, involved in 
telomere replication  
  - 
GAL11 Subunit of the RNA polymerase II mediator complex; associates with core 
polymerase subunits to form the RNA polymerase II holoenzyme; affects 
transcription by acting as target of activators and repressors; forms part of the tail 
domain of mediator 
- 
HTL1 Component of the RSC chromatin remodeling complex; RSC functions in 
transcriptional regulation and elongation, chromosome stability, and establishing 
sister chromatid cohesion; involved in telomere maintenance 
-- 
IWR1 RNA polymerase II transport factor, conserved from yeast to humans; involved in 
both basal and regulated transcription from RNA polymerase II (RNAP II) 
promoters, but not itself a transcription factor; interacts with most of the RNAP II 
subunits; nucleo-cytoplasmic shuttling protein; deletion causes hypersensitivity to 
K1 killer toxin 
-- 
KEM1 Evolutionarily-conserved 5'-3' exonuclease component of cytoplasmic processing 
(P) bodies involved in mRNA decay; plays a role in microtubule-mediated 
processes, filamentous growth, ribosomal RNA maturation, and telomere 
maintenance 
- 
LEO1 Component of the Paf1 complex, which associates with RNA polymerase II and is 
involved in histone methylation; plays a role in regulating Ty1 transposition 
- 
LHP1 RNA binding protein required for maturation of tRNA and U6 snRNA precursors; 
acts as a molecular chaperone for RNAs transcribed by polymerase III; 
homologous to human La (SS-B) autoantigen 
- 
LSM7 Lsm (Like Sm) protein; part of heteroheptameric complexes (Lsm2p-7p and either 
Lsm1p or 8p): cytoplasmic Lsm1p complex involved in mRNA decay; nuclear 
Lsm8p complex part of U6 snRNP and possibly involved in processing tRNA, 
snoRNA, and rRNA 
- 
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MAK32 Protein necessary for structural stability of L-A double-stranded RNA-
containing particles 
 - 
MFA2 Mating pheromone a-factor, made by a cells; interacts with alpha cells to induce 
cell cycle arrest and other responses leading to mating; biogenesis involves C-
terminal modification, N-terminal proteolysis, and export; also encoded by MFA1 
- 
NDT80 Meiosis-specific transcription factor required for exit from pachytene and for full 
meiotic recombination; activates middle sporulation genes; competes with Sum1p 
for binding to promoters containing middle sporulation elements (MSE) 
- 
NSR1 Nucleolar protein that binds nuclear localization sequences, required for pre-rRNA 
processing and ribosome biogenesis 
- 
PDE2 High-affinity cyclic AMP phosphodiesterase, component of the cAMP-dependent 
protein kinase signaling system, protects the cell from extracellular cAMP, 
contains readthrough motif surrounding termination codon 
- 
POP2 RNase of the DEDD superfamily, subunit of the Ccr4-Not complex that mediates 
3' to 5' mRNA deadenylation  
-- 
RNH70 3'-5' exoribonuclease; required for maturation of 3' ends of 5S rRNA and tRNA-
Arg3 from dicistronic transcripts  
- 
RPB4 RNA polymerase II subunit B32; forms two subunit dissociable complex with 
Rpb7p; involved in recruitment of 3'-end processing factors to transcribing RNA 
polymerase II complex and in export of mRNA to cytoplasm under stress 
conditions; also involved in translation initiation 
- 
RTF1 Subunit of the RNA polymerase II-associated Paf1 complex; directly or indirectly 
regulates DNA-binding properties of Spt15p and relative activities of different 
TATA elements; involved in telomere maintenance 
- 
SIN4 Subunit of the RNA polymerase II mediator complex; associates with core 
polymerase subunits to form the RNA polymerase II holoenzyme; contributes to 
both postive and negative transcriptional regulation; dispensible for basal 
transcription 
- 
SIP3 Protein that activates transcription through interaction with DNA-bound Snf1p, C-
terminal region has a putative leucine zipper motif; potential Cdc28p substrate 
-- 
STO1 Large subunit of the nuclear mRNA cap-binding protein complex, interacts with 
Npl3p to carry nuclear poly(A)- mRNA to cytoplasm; also involved in nuclear 
mRNA degradation and telomere maintenance; orthologous to mammalian CBP80 
- 
TEX1 Protein involved in mRNA export, component of the transcription export 
(TREX) complex 
 - 
THP1 Nuclear pore-associated protein, forms a complex with Sac3p that is involved in 
transcription and in mRNA export from the nucleus; contains a PAM domain 
implicated in protein-protein binding 
-- 
THP2 Subunit of the THO complex, which connects transcription elongation and mitotic 
recombination, and of the TREX complex, which is recruited to activated genes 
and couples transcription to mRNA export; involved in telomere maintenance 
- 
tRNA metabolism          
ARC1 Protein that binds tRNA and methionyl- and glutamyl-tRNA synthetases (Mes1p 
and Gus1p), delivering tRNA to them, stimulating catalysis, and ensuring their 
localization to the cytoplasm; also binds quadruplex nucleic acids 
- 
DEG1 tRNA:pseudouridine synthase, introduces pseudouridines at position 38 or 39 in 
tRNA, important for maintenance of translation efficiency and normal cell growth, 
localizes to both the nucleus and cytoplasm; non-essential for viability  
-- 
MSY1 Mitochondrial tyrosyl-tRNA 
synthetase 
     - 
SLM3 tRNA-specific 2-thiouridylase, responsible for 2-thiolation of the wobble base of 
mitochondrial tRNAs; human ortholog is implicated in myoclonus epilepsy 
associated with ragged red fibers (MERRF) 
- 
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SLM5 Mitochondrial asparaginyl-tRNA 
synthetase  
     - 
TRM1 tRNA methyltransferase; two forms of the protein are made by alternative 
translation starts; localizes to both the nucleus and mitochondrion to produce the 
modified base N2,N2-dimethylguanosine in tRNAs in both compartments 
- 
DNA repair           
CTF18 Subunit of a complex with Ctf8p that shares some subunits with Replication Factor 
C and is required for sister chromatid cohesion; may have overlapping functions 
with Rad24p in the DNA damage replication checkpoint 
- 
DCC1 Subunit of a complex with Ctf8p and Ctf18p that shares some components with 
Replication Factor C, required for sister chromatid cohesion and telomere length 
maintenance 
- 
EAF7  Subunit of the NuA4 histone acetyltransferase complex, which acetylates the N-
terminal tails of histones H4 and H2A 
-- 
MRE11 Subunit of a complex with Rad50p and Xrs2p (MRX complex) that functions in 
repair of DNA double-strand breaks and in telomere stability, exhibits nuclease 
activity that appears to be required for MRX function; widely conserved 
- 
SNT1 Subunit of the Set3C deacetylase complex that interacts directly with the Set3C 
subunit, Sif2p; putative DNA-binding protein; mutant has increased aneuploidy 
tolerance  
- 
Unknown           
AIM31 Putative protein of unknown function; GFP-fusion protein localizes to 
mitochondria; may interact with respiratory chain complexes III or IV; null mutant 
is viable and displays reduced frequency of mitochondrial genome loss 
- 
APP1 Protein of unknown function, interacts with Rvs161p and Rvs167p; computational 
analysis of protein-protein interactions in large-scale studies suggests a possible 
role in actin filament organization 
- 
BUD19 Dubious open reading frame, unlikely to encode a protein; not conserved in closely 
related Saccharomyces species; 88% of ORF overlaps the verified gene RPL39; 
diploid mutant displays a weak budding pattern phenotype in a systematic assay  
- 
BUD30 Dubious open reading frame, unlikely to encode a protein; not conserved in closely 
related Saccharomyces species; 96% of ORF overlaps the verified gene RPC53; 
diploid mutant displays a weak budding pattern phenotype in a systematic assay 
-- 
COS1  Protein of unknown function, member of the DUP380 subfamily of conserved, 
often subtelomerically-encoded proteins 
- 
FYV6 Protein of unknown function, required for survival upon exposure to K1 killer 
toxin; proposed to regulate double-strand break repair via non-homologous end-
joining 
- 
HGH1 Nonessential protein of unknown function; predicted to be involved in ribosome 
biogenesis; green fluorescent protein (GFP)-fusion protein localizes to the 
cytoplasm; similar to mammalian BRP16 (Brain protein 16) 
- 
HUR1 Protein of unknown function; reported null mutant phenotype of hydroxyurea 
sensitivity may be due to effects on overlapping PMR1 gene 
- 
IRC2 Dubious open reading frame, unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially overlaps YDR111C; null 
mutant displays increased levels of spontaneous Rad52p foci  
- 
IRC13 Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; null mutant displays increased levels 
of spontaneous Rad52 foci 
- 
LDB16 Protein of unknown function; null mutants have decreased net negative cell surface 
charge; GFP-fusion protein expression is induced in response to the DNA-
damaging agent MMS; native protein is detected in purified mitochondria 
- 
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RTC2 Protein of unknown function; identified in a screen for mutants with decreased 
levels of rDNA transcription; detected in highly purified mitochondria; null mutant 
suppresses cdc13-1; similar to a G-protein coupled receptor from S. Pombe 
-- 
RTC3 Protein of unknown function involved in RNA metabolism; has structural 
similarity to SBDS, the human protein mutated in Shwachman-Diamond Syndrome 
(the yeast SBDS ortholog = SDO1); null mutation suppresses cdc13-1 temperature 
sensitivity  
- 
VPS61 Dubious open reading frame, unlikely to encode a protein; not conserved in closely 
related Saccharomyces species; 4% of ORF overlaps the verified gene RGP1; 
deletion causes a vacuolar protein sorting defect  
-- 
YAF9 Subunit of both the NuA4 histone H4 acetyltransferase complex and the SWR1 
complex, may function to antagonize silencing near telomeres; interacts directly 
with Swc4p, has homology to human leukemogenic protein AF9, contains a 
YEATS domain 
-- 
YCR006C  Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data  
- 
YDL068w Dubious ORF unlikely to encode a protein, based on available experimental and 
comparative sequence data 
- 
YDR048C  Dubious ORF unlikely to encode a functional protein, based on available 
experimental and comparative sequence data 
-- 
YGL024w Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially/completely overlaps the 
verified ORF PGD1/YGL025C 
- 
YGL007C-A Putative protein of unknown function, identified by gene-trapping, microarray-
based expression analysis, and genome-wide homology searching; deletion 
exhibits slow-growth phenotype; computationally predicted to have a role in cell 
budding 
- 
YGL188C-A Putative protein of unknown 
function 
     - 
YHL015W-A Putative protein of unknown 
function 
     - 
YHR097C  Putative protein of unknown function; green fluorescent protein (GFP)-fusion 
protein localizes to the cytoplasm and the nucleus 
- 
YKL118w Dubious open reading frame, unlikely to encode a protein; partially overlaps the 
verified gene VPH2 
-- 
YKR023W  Putative protein of unknown function; the authentic, non-tagged protein is detected 
in highly purified mitochondria in high-throughput studies 
- 
YKR004C-A Putative protein of unknown function, identified by gene-trapping, microarray-
based expression analysis, and genome-wide homology searching; deletion 
exhibits slow-growth phenotype; computationally predicted to have a role in cell 
budding         
         
- 
YLR338w Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially overlaps the verified ORF 
VRP1/YLR337C 
- 
YMR031w-a Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; null mutant displays shortened 
telomeres; partially overlaps the uncharacterized ORF YMR031C 
- 
YMR194c-a Dubious open reading frame unlikely to encode a functional protein, based on 
available experimental and comparative sequence data 
- 
YNL198c Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data  
- 
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YNL338w Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; completely overlaps TEL14L-XC, 
which is Telomeric X element Core sequence on the left arm of Chromosome XIV 
- 
YNL285W Dubious open reading frame unlikely to encode a functional protein, based on 
available experimental and comparative sequence data 
- 
YNL144C Putative protein of unknown function; non-tagged protein is detected in highly 
purified mitochondria in high-throughput studies; contains a PH domain and binds 
phosphatidylinositols and phosphatidylethanolamine in a large-scale study 
- 
YNL143C  Protein of unknown function; expressed at both mRNA 
and protein levels 
   - 
YNL170W Dubious open reading frame unlikely to encode a functional protein, based on 
available experimental and comparative sequence data 
- 
YNR005c Dubious open reading frame unlikely to encode a functional protein, based on 
available experimental and comparative sequence data 
- 
YOR304c-a Protein of unknown function; green fluorescent protein (GFP)-fusion protein 
localizes to the cell periphery, cytoplasm, bud, and bud neck 
- 
YPL205c Hypothetical protein; deletion of locus affects telomere 
length 
   - 
YPR099c Dubious open reading frame unlikely to encode a protein, based on available 
experimental and comparative sequence data; partially overlaps the verified gene 
MRPL51/YPR100W 
- 
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Figures: Additional Files 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1 - Profiles of CO2 production by strain CEN.PK 113-7D in fermentations of 330 g/L initial glucose 
in OM, OM + 2 g/L KH2PO4 and OM + 0.01 g/L ZnCl2. Values are the average of duplicate independent 
biological experiments and the error bars represent the standard deviation between those duplicates. 
 
 
 
 
 
 
 
 
 
 
 
Figure S2 - Profiles of CO2 production by strain CEN.PK 113-7D in fermentations of 339 g/L initial glucose 
in OM, OM + 2.4 mL/L Tween 80, OM + 60 mg/L linoleic acid and OM + 24 mg/L ergosterol. Values are 
the average of duplicate independent biological experiments. 
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Figure S3 - Comparison, by spot assays, of the growth of S. cerevisiae BY4741 cells and of the 11 deletion 
mutants that lack the genes found to provide resistance against ethanol, acetic acid and furfural or vanillin. 
(A) in wheat straw hydrolysate; (B) in standard YPD growth medium and (C, D) in MM4 medium 
supplemented, or not, with the same mixture of inhibitors found in the hydrolysate. Cells used to prepare the 
spots were cultivated in YPD liquid medium until mid-exponential phase (OD600nm = 1.5 ± 0.2) and then 
applied as spots (4 μL) into the surface of the agar plates containing different growth media. The yeast strains 
were inoculated in triplicate and always in the same order: 1. BY4741; 2. Δprs3; 3. Δrav1; 4. Δppa1; 5. 
Δend3; 6. Δerg24; 7. Δerg2; 8. Δnat3; 9. Δvma8; 10. Δgcs1; 11. Δrpb4; 12. Δtps1. 
 
 
Figure S4 - Venn diagram representing the intersection of yeast determinants of (A) Wheat Straw 
Hydrolysate (WSH) and Synthetic Hydrolysate (SH) resistance; (B) Synthetic Hydrolysate (SH) and acetic 
acid (Mira et al. 2010b) or furfural resistance (Gorsich et al. 2006); (C) Wheat Straw Hydrolysate (WSH) and 
acetic acid (Mira et al. 2010b) or furfural resistance (Gorsich et al. 2006); 
